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VWADM: AN ARCHITECTURE-INSPIRED METHOD  
FOR DESIGNING VIRTUAL WORLD APPLICATIONS 
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Virtual World (VW) applications are digital 3D-simualtion environments used for military, 
education, sport and healthcare purposes. In this work, an architecture-inspired method 
called the Virtual World Applications Design Method (VWADM) is presented for designing 
such applications. The VWADM combines a generative design grammar (GDG) framework 
and a generative design agent (GDA) model to form the template of a mechanism that can 
be used for creating place models of VW applications during the design process. The GDG 
framework is used to develop GDGs for capturing spatial data that pertains to VW 
applications, transforming and storing such data and subsequently using it to create place-
oriented conceptual models of these applications. In complement, the GDA model is used 
to develop GDAs for automatically generating physical models of VW applications, whose 
specifications are derived from the GDGs. 
 
The development of the VWADM is grounded in design science research (DSR), which is 
a research paradigm that provides a set of synthetic and analytical techniques and 
perspectives for understanding, conducting, evaluating and reporting creative work. DSR 
involves answering questions that are relevant to human problems through the design of 
novel and innovative artefacts. 
 
The thesis focuses on describing the design of the VWADM, demonstrating its functionality 
and evaluating its fitness and utility for designing VW applications. Details are presented of 
software that was developed to establish proof of concept for the VWADM. Through the 
development of the VWADM, the research establishes (1) a set of modelling concepts that 
use grammar and rules as the basis for capturing the semantics of the conceptual models 
of VW applications, (2) a set of visual notations that include basic shapes and symbols, 
which can be used to present the conceptual models of VW applications to stakeholders for 
them to manually review, (3) an intelligent component that is used for automatically 
generating physical models of VW applications and (4) a stepwise process, which involves 
layout design, object design, navigation design and interaction design and acts as a guide 
for the process of creating the conceptual and physical models of VW applications. 
 
Feedback from developers suggest that the VWADM can provide a significant contribution 
to automating the process of VW design specifically from the point of view of place-oriented 
design. Some ideas for future work are presented. 
 
 
Keywords: architecture-inspired design methods; place-oriented design; vw applications
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1. Introduction 
This thesis is about designing virtual world (VW) applications. Section 1.1 discusses the 
research problem and motivation for the work. Section 1.2 provides definitions of some of 
the concepts and terms that are used in this thesis in relation to virtual reality (VR), as well 
as a brief definition of the scope of the thesis. The intention is to form a common 
understanding of the meanings of these concepts and terms as they are used in the context 
of this thesis and to delimit the area of the VR spectrum that concerns it. Section 1.3 
discusses the aims and objectives of the research. Section 1.4 provides a statement of the 
research hypothesis. Section 1.5 highlights the contributions to knowledge. Section 1.6 
provides a summary of the approach that was used to conduct the research. Finally, Section 
1.7 provides a brief description of the organisation of the rest of the thesis. 
1.1. Statement of the Research Problem and Motivation 
The rate at which VR is being commoditised these days far exceeds the corresponding rate 
at which methods are being developed in software engineering (SE) for designing the virtual 
experiences that are promised by this technology (Johnston, et al., 2017; Ullrich & Kunkler, 
2018). So far, developers have relied on the use of existing methods in SE such as the 
structured (Constantine & Yourdon, 1979; Jacobson, et al., 1993), behavioural (DeMarco, 
1978; Ward & Mellor, 1985), formal (Hall, 1996; Wordsworth, 1996), interactional 
(Moggridge, 2007; Sharp, et al., 2007) and iterative (Boehm, 1988; Nielsen, 1992) methods 
for creating models of VW applications during the design process (Hong, 2015; Dawson, et 
al., 2017; Sutcliffe, et al., 2018). These methods are based on certain viewpoints that 
determine the types of such models. For example, structured methods are based on a 
2 
structure-oriented viewpoint that is used to create object models of VW applications1. 
Methods in SE are expected to represent the different viewpoints that stakeholders have 
for describing VW applications (Sommerville, et al., 1998; Rao & Prasad, 2012). However, 
user activity in VWs establishes a place-oriented viewpoint (Witmer, et al., 1996; Churchill, 
et al., 2001), which puts special requirements on them in terms of case-specific knowledge 
such as patterns, conventions and domain experience. Therefore, SE requires methods 
that support this viewpoint and can be used by developers for modelling VW applications 
during design. 
 
In order to address the issue, this thesis proposes a new method called the virtual world 
applications design method (VWADM), which was developed for designing VW applications 
(Sawyerr, 2016). The VWADM is based on a place-oriented viewpoint and combines a 
generative design grammar (GDG) framework and a generative design agent (GDA) model 
to form the template of a mechanism that developers can use to create place models of VW 
applications during the design process. The GDG framework is used to develop GDGs for 
capturing spatial data that pertain to VW applications, transforming and storing such data 
and subsequently using it to generate conceptual models of these applications. In 
complement, the GDA model is used to develop GDAs for automatically generating physical 
models of VW applications, whose specifications are derived from the GDGs. 
 
The research that this thesis is based on is motivated by place design in architecture. Place 
design is the process of arranging objects and spaces to create an environment that 
supports certain activities (Tepavcevic, 2017). Fig. 1.1 shows an example of the 
arrangement of some objects and space to create a place for buying and eating food (and 
socialising while doing so). 
                                                
 
 
1 Structured methods were invented in the 1970s to support functional design (Finkelstein, et al., 
1992). Therefore, it is also possible for them to be based on a function-oriented viewpoint, which is 
used to create function models of VW applications such as data flow models. 
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Figure 1.1. The arrangement of some objects in a space to create a restaurant (Street Kitchen, 2017) 
Place design involves the borrowing of function, form and conception from precedents, 
symbols, metaphors and analogies (Hattenhauer, 1984). This approach is referred to as 
designing from patterns and based on the assumption that a combination that proved to be 
operational in earlier circumstances will, with proper adjustments made to fit a new context, 
continue to be so for the same circumstances. 
 
According to (Kalay & Marx, 2003), if no appropriate precedent can be found, symbols, 
metaphors and analogies may be used to engender some inherent quality that is found in 
the original pattern2. An example of this approach is Santiago Calatrava’s L’Hemisfèric 
auditorium in the City of Arts and Sciences complex in Valencia (see Fig. 1.2). 
                                                
 
 
2 (Kalay & Marx, 2005) further argue that in case an appropriate precedent cannot be found, new 
forms could be developed, which may acquire their own status as precedents. 
4 
 
Figure 1.2. The L’Hemisfèric auditorium in the City of Arts and Sciences complex in Valencia (Tur, 2005) 
Place design in architecture can be considered a visual art that is similar to painting and 
sculpture (Tillich, 1987). As such, it requires the manipulation of certain art elements to 
create a unified whole. Place design requires architects to prepare sketches (see Fig. 1.3) 
and then draw and refine the form (of the areas of function) of a new place. 
 
Figure 1.3. The sketch of a new place during design (Craven, 2017) 
5 
The sketch of a place is comprised of sensory elements such as lines, shapes, colour and 
texture. These elements are combined during place design to make formal compositions 
that create a certain style (i.e., pattern, rhythm, symmetry, balance, contrast, proportion, 
theme, and unity)3. Fig. 1.4 shows an example of the sketch of a place with reference to its 
sensory elements. 
 
Figure 1.4. The sketch of place and some of its sensory elements (The Center for the Study of Art and 
Architecture, 2002) 
The sensory elements of a place are not restricted to sketches only. Instead, they are 
assimilated in the design and manifest in the actual construction of the place. Fig. 1.5 shows 
the example of a place that exhibits sensory information in the form of colours, lines, 
triangles, circles and rectangles. 
                                                
 
 
3 See (Stebbing, 2004) and (Barrett, 2011) for a further discussion on visual composition in 
architecture. 
6 
 
Figure 1.5. A place that exhibits sensory information in the form of colours, lines, triangles, circles and 
rectangles (Craven, 2018) 
1.2. Definitions and Scope of the Research 
VR is a collection of technologies such as images, sound, sensors, trackers, central 
processing units (CPUs) and graphic processing units (GPUs) and techniques such as 
computer-generated imagery (CGI), which are used to replicate a real environment or 
create an imaginary one (Isdale, 1993; Vince, 1998). The replicated or created environment 
is usually referred to as a simulator or a virtual environment (VE). A VE is an artificial 
container that could take on many forms from as low-level as a hypervisor in which a virtual 
machine (VM) runs (Graziano, 2011) to mid-level as fixtures for overlaying augmented 
sensory information on a workspace (Rosenberg, 1992) and high-level as an environment 
that is modelled after our universe (Sylvain, et al., 2010; Hyndman, 2011; Sherstyuk & 
Treskunov, 2014). Consequently, a VE may be comprised of space, time, energy and 
physical laws. In addition, similarly to our universe, a VE may include inhabitable worlds, 
which inherit global properties from the VE (e.g. stars, wind and gravity) and have their own 
specialised properties (e.g., day-night cycles, weather patterns, people, places, flying and 
teleportation). These inhabitable worlds are usually referred to as virtual worlds (VWs). A 
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VW is an environment that is a unit of organisation in a VE (Gertrudix & Gertrudix, 2012; 
Tirpak & Ramic, 2014). It is the space in which people experience VR either directly (i.e., 
by self) or by proxy (i.e., using avatars). When people create places in VWs to support their 
various in-world activities, those places are referred to as VW applications (Mallempati, et 
al., 2010). By token of the different levels of sophistication of the VEs in which they run (or 
otherwise by deliberate design choice), VWs may be text-based, two-dimensional (2D), 
Two-and-a-half dimensional (2.5D), three-dimensional (3D) or experimental n-dimensional 
(nD) environments and take on different forms such as console-based applications, fantasy 
worlds or real earth-like worlds. 
 
VWs are rendered on to visual display units (VDUs) such as mobile phone or tablet screens, 
laptop or desktop computer monitors, projection screens, head-up displays (HUDs) and 
helmet or head-mounted displays (HMDs) so that people can be able to access them. VDUs 
are usually integrated with other components such as sensors, trackers, haptic devices and 
control or management software to form a VR system. A VR system is the amalgamation 
of various input-processing-output (IPO) components to form a compact device (or platform) 
that enables people to consume VR (Burdea, et al., 1996). VR systems may exist in a 
standalone configuration such as mobile or wearable VR systems (Henrysson, et al., 2005; 
Barfield, 2016), desktop VR systems (Tait, 1992) and cave automatic virtual environment 
(CAVE) VR systems (Cruz-Neira, et al., 1993). Otherwise, they may be used as an enabling 
technology for a diverse range of other systems such as cue weapons systems (Haywood, 
1995), situation awareness systems (Foyle, et al., 1996), medical scanners (Deshmukh, et 
al., 2015), robots (Guerin & Hager, 2016) and the web (Vukicevic, et al., 2016), essentially 
forming a system of systems. Fig. 1.6 shows the architecture of a generic VR system, which 
includes a VE and some VWs. 
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Figure 1.6. A generic VR system (OpenSimulator, 2017) 
VR systems can be classified in a number of ways. For example, they can be classified 
according to their platform (i.e., mobile or wearable, desktop-based or CAVE). They can 
also be classified according to where they fall on the reality-virtuality (RV) continuum (see: 
Fig. 1.7). The RV continuum is a classic scale that is used to help conceptualise all possible 
compositions of VR systems (Milgram, et al., 1994). It is organised as follows: the extreme 
left side of the scale represents reality and the extreme right side of the scale represents 
VR. All VR systems that fall in-between both extremes are referred to as mixed-reality (MR) 
systems, which are systems that merge reality and VR (Milgram & Kishino, 1994). Examples 
of MR systems are augmented reality (AR) systems and augmented virtuality (AV) systems. 
The RV continuum takes into account the extent to which the various VR systems replicate 
the real environment (i.e., the real world). As such, the extreme left side of the scale 
represents the real world and the extreme right side of the scale represents a VE. All VR 
systems that fall in-between both extremes are capable of generating an environment that 
has aspects of both the real world and a VE (Zhu, et al., 2016). A final overarching point 
about VR systems is that they can be classified as immersive or non-immersive systems. 
VR System
VE (Simulator)
Operating System
World World
Login Service Asset Service Grid Service
Inventory Service
User
Account Service Other Services
World
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An immersive VR system is one that enables a person to feel as though they are physically 
present in a VW, usually through the use of stereoscopic VDUs such as HMDs (Van Dam, 
et al., 2000). On the contrary, a non-immersive VR system puts less emphasis on immersion 
and instead enables people to interact with its VWs by proxy (Obeysekare, et al., 1996), 
usually through the use of monoscopic VDUs such as mobile phone or tablet screens. 
 
Figure 1.7. RV continuum (Milgram, et al., 1994) 
The scope of this thesis is limited to the case on the extreme right side of the RV continuum 
(i.e., VR). Specifically, the research that this thesis is based on deals with non-immersive 
3D desktop-based VR systems, which provide an inexpensive and easily accessible 
platform for exploring the design of virtual experiences. Server simulation software for 
desktop-based VR systems is mostly free and runs easily on personal computers (PCs) 
without requiring any special hardware besides a modest amount of memory. Similarly, the 
client software can also run easily on PCs without the need for any special hardware 
besides a medium range GPU. In addition, the client software is portable across multiple 
low-cost digital devices such as mobile phones and tablets, enabling VR that is produced 
primarily for PCs to be accessed using other comparably cheaper and ubiquitous devices. 
1.3. Aims and Objectives 
The aim of the research was to develop an architecture-inspired method for designing VW 
applications, in which visuals will play an important role. The method is intended for use by 
developers to enable them to create place models of VW applications during the design 
process. As such, the main objectives of the research were as follows: 
Mixed Reality (MR)
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Augmented
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Augmented
Reality (AR)
Virtual
Reality (VR)
Reality
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 To develop a method that is comprised of a set of tools that can be used for creating 
place-oriented conceptual models of VW applications. 
 To develop a method that is comprised of a set of visual notations that can be used for 
representing the spatial elements that pertain to VW applications. 
 To develop a method that is comprised of an intelligent component, which can be used 
for creating physical models of VW applications that are derived from the conceptual 
models of these applications. 
1.4. Research Hypothesis 
The aims and objectives of the research are based on the hypothesis that a method can be 
developed, which has the functionality for creating place-oriented conceptual and physical 
models of VW applications and be of use to developers for designing these types of 
applications (H1). The general hypothesis is usually difficult to evaluate as a whole 
(Offermann, et al., 2009). Therefore, it was refined into the following two sub-hypotheses: 
 a method can be developed, which has the functionality for creating place-oriented 
conceptual and physical models of VW applications (H1a). 
 a method can be developed, which is useful to developers for creating place-oriented 
conceptual and physical models of VW applications during design (H1b). 
1.5. Contributions 
The research develops the VWADM using techniques from architecture and applies it in SE 
as a novel solution to the problem of designing VW applications. In particular, the VWADM 
provides support for the place-oriented viewpoint and can be used for creating place models 
of VW applications during design. As such, the contributions of the research are highlighted 
in terms of the following aspects: 
 The establishment of a set of modelling concepts that use grammar and rules as the 
basis for capturing the semantics of the conceptual models of VW applications. 
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 The establishment of a set of visual notations, which include basic shapes and symbols 
that can be used to present the conceptual models of VW applications to stakeholders 
for them to manually review. 
 The establishment of an intelligent component that is used for automatically generating 
physical models of VW applications. 
 The establishment of a stepwise process, which involves layout design, object design, 
navigation design and interaction design and acts as a guide for the process of creating 
the conceptual and physical models of VW applications. 
1.6. Research Approach 
The approach that was used for conducting the research involves the following three key 
phases: 
 
Problem identification: literature reviews were conducted to gain an understanding of the 
state of the art in designing VW applications. In addition, information was collected in-world 
and from online forums dedicated to desktop VR systems about users and developers and 
some of the problems that affect their use of these platforms. 
 
Solution design: theory and design and development knowledge related to linguistic 
design in VWs, worldviews for designing in VWs and agent-based design in VWs was used 
to determine the composition and functionality of the VWADM. 
 
Evaluation: a user study (based on a survey of developers) was conducted to evaluate the 
features and capabilities of the VWADM with respect to their significance for practical 
application in designing VW applications. 
 
Together, the above three phases (i.e., problem identification, solution design and 
evaluation) contribute to a summary of the results of the research, which is usually in the 
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form of publications such as this thesis itself. Fig. 1.8 shows an overview of the research 
approach. 
 
Figure 1.8. An overview of the research approach 
The rectangles in the diagram above represent the key phases of the research approach. 
The ovals represent sub-processes of the research approach, which are also knowledge 
inputs and outputs for the key phases. 
1.7. Organisation of the Thesis 
The remainder of the thesis is organised as follows: 
 
 
 
Problem identification
Evaluation
Solution design
Results summary
Literature review
Theory
Information
mining
Design and
development
knowledge
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1.7.1. Literature Review 
Chapter 2 presents the literature review, which discusses some of the immediate areas that 
influenced the development of the research in terms of the state of the art in designing VW 
applications. Using an SE lens, Section 2.1 provides a definition of design. Section 2.2 
discusses a few of the reasons design is important, especially in the context of developing 
VW applications. Next, Section 2.3 reviews some examples of desktop-based VR systems, 
which provide platforms that accommodate and facilitate designing VW applications. 
Section 2.4 reviews some of the existing methods in SE that are currently used for designing 
VW applications. Section 2.5 briefly discusses the architectural concept of placeness. The 
chapter finishes in Section 2.6 with a brief examination of place-oriented modelling 
techniques in architecture. 
1.7.2. Methodology 
Chapter 3 discusses the design science research (DSR) paradigm, which was used for 
conducting the research. Firstly, Section 3.1 provides an overview of DSR. Next, Section 
3.2 discusses the rationale for using it. This is then followed by Section 3.3, which provides 
an overview of the core principles of DSR. Section 3.4 discusses the DSR process model 
that was used for conducting the research and presenting it in this thesis. The chapter 
finishes in Section 3.5 with the review of a case study that was used as a pilot study for the 
research. The purpose of this review is to give an example of the search process that was 
used to arrive at the VWADM. 
1.7.3. Design and Development of the VWADM 
Chapter 4 discusses the design and development of the VWADM using theory and design 
and development knowledge related to linguistic design in VWs, worldviews for designing 
in VWs and agent-based design in VWs. Section 4.1 discusses linguistic design in VWs, 
Section 4.2 discusses views for designing in VWs and the chapter finishes in Section 4.3, 
which discusses agent-based design in VWs. 
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1.7.4. VWADM: A New Method for Designing VW Applications 
Chapter 5 provides a detailed description of the VWADM, including its two components: the 
GDG framework and GDA model. Section 5.1 provides an overview of the composition of 
the VWADM. Next, Section 5.2 provides details of the composition of the GDG framework. 
This is followed by a discussion of the details of the composition of the GDA model in 
Section 5.3, which is also where the chapter finishes. 
1.7.5. Implementation of the VWADM 
Chapter 6 provides an overview of software called the Active Worlds (AW) agent package, 
which was developed to serve as a proof of concept for the VWADM. Section 6.1 of the 
chapter discusses the technologies used for developing the AW agent package. Section 6.2 
describes the overall design of the AW agent package. Section 6.3 describes the main 
components of the AW agent package. Section 6.4 describes the architecture of the AW 
agent package. Section 6.5 explains the basic functionality of the AW agent package. The 
chapter finishes in Section 6.6 with a brief discussion of two user guides that are provided 
for using the AW agent package to implement and extend the functionality of agents. 
1.7.6. Demonstration of the Functionality of the VWADM 
Chapter 7 presents three case studies that are used to demonstrate the functionality of the 
VWADM. Section 7.1 of the chapter shows the use of the VWADM to design an office 
application. Section 7.2 shows the use of the VWADM to design a living space application. 
Section 7.3 shows the use of the VWADM to design a student centre application. The 
chapter finishes in Section 7.4 with a review of the functionality of the VWADM in light of 
the three case studies. 
 
1.7.7. Evaluation of the VWADM 
Chapter 8 discusses a user study that was conducted as part of the evaluation of the 
VWADM. Section 8.1 provides an overview of the fitness-utility model, which was used to 
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design the study. Section 8.2 provides a brief overview of the methods and instruments 
used in the study. Section 8.3 reports on the preparatory activities that were performed to 
recruit developers to participate in the study. Section 8.4 discusses some ethical aspects 
about the study. Section 8.5 gives a summary of the procedure that was used to conduct 
the study. Section 8.6 provides an overview of participant experience information from the 
study. Section 8.7 reports on the reliability of the questionnaire used in the study. Section 
8.8 presents the results of the study. The chapter finishes in Section 8.9 with a discussion 
of the results of the study. 
1.7.8. Conclusion 
Chapter 9 is the final chapter of the thesis. Section 9.1 of the chapter provides a summary 
of the thesis. Section 9.2 revisits the research hypothesis. Section 9.3 discusses some of 
the limitations of the research. Section 9.4 provides an overview of some of the benefits of 
the VWADM for developers. Section 9.5 discusses future work related to the research. 
Section 9.6 discusses the outlook for the research. The chapter finishes in Section 9.7 with 
some final remarks. 
 
16 
2. Literature Review 
This chapter reviews some of the immediate areas that influenced the development of the 
research in terms of the state of the art in designing VW applications. Using an SE lens, the 
chapter firstly provides a definition of design. Next, it discusses a few of the reasons design 
is important, especially in the context of developing VW applications. This is followed by a 
review of some examples of desktop-based VR systems, which provide platforms that 
accommodate and facilitate designing VW applications. The chapter then provides a review 
of some of the existing methods in SE that are currently used for designing VW applications. 
This review is followed by a brief discussion of the architectural concept of placeness. The 
chapter finishes with a brief examination of place-oriented modelling techniques in 
architecture. 
2.1. What is Design? 
In SE, design can be defined as the specification of an object, which is manifested by an 
agent and is intended to accomplish certain goals in a particular environment, using a set 
of primitive components, while satisfying a set of requirements that are subject to 
constraints (Ralph & Wand, 2008). The object of design is the artefact that is being 
designed, which may be a thing or process. Otherwise, the agent is the subject of design - 
it is the human or computational entity that creates the specification of the object. All artificial 
things or processes are made from other things or processes called components (March & 
Smith, 1995), of which the lowest levels are in turn referred to as primitives (Devedzic, et 
al., 2000). As such, primitives are the basic components or building blocks that can be 
assembled or transformed by an agent to create an artefact. 
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The outcome of the design process is not always the artefact itself that is being designed. 
Instead, it may be a plan for its construction. As a result, design may sometimes be regarded 
as a planning process as opposed to a building process (McKay, et al., 2012). Nevertheless, 
the congruity between these two viewpoints is that the agent specifies properties of the 
artefact, which can be purely mental (El-Far & Whittaker, 2001), a symbolic representation 
(Tse & Pong, 1989), a physical model (Budde, et al., 1992) or a manifestation of the artefact 
itself (Garrett, et al., 2007). The properties of an artefact that an agent specifies are referred 
to as its specification. Essentially, the specification of an artefact is a description of its 
structural and/or behavioural properties (Roy, et al., 2001) such as the primitives that need 
to be assembled, how they are assembled or linked and the manner in which they are 
intended to function as a whole. Together, they form the requirements of the artefact, which 
are subject to constraints such as time, cost, scope and resources. 
 
Design belongs to a class of teleological behaviours (Churchman, 1971; Franke, 1989), 
which are purposeful goal-seeking behaviours (Venkatasubramanian, 2007). As such, 
goals do not necessarily have to be explicit or well-defined. For example, some artefacts 
are designed simply based on the idea that they may be fun to use or based on widely 
perceived notions of usefulness or value. However, a survey of the literature on design 
suggests that while goals may not always be explicit or well-defined, the design process 
itself is always intentional (Rittel, 1987; Rosenman & Gero, 1998). On the contrary, 
unintentional artefacts are not designed. Therefore, goals are inherent in design, as long as 
the design is intentional. Design is usually situated in some sort of environment (Ralph & 
Wand, 2009). Such an environment may be termed as a context (Stauffer, et al., 1991), a 
setting (Twidale, et al., 1993) or a domain (Fischer, 1994). In addition, it may be 
characterised as an office, a studio or a computer environment. Finally, design usually 
occurs in two different types of environments, which are the environment in which the agent 
is situated and that in which the artefact is situated. Nevertheless, it is possible for both the 
agent and the artefact to share the same environment as is the case in this piece of work. 
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2.2. Why Design VW Applications? 
There are a number of reasons why designing VW applications is important. From an 
architectural point of view, it would be unexpected for places in the real world such as 
houses, churches, supermarkets or any other engineered artefact for that matter (e.g., cars, 
computers and televisions) to be built without first designing them and producing plans for 
their construction. VW applications are the same: constructing them without firstly having 
some plans is hardly likely to produce good results (Yan & Damian, 2008). Nonetheless, 
there are more practical reasons for designing VW applications, which have their basis in 
SE (Curtis, et al., 1988; Bell, et al., 1994) as follows: 
 It helps us to transform various requirements for these applications into specifications 
for constructing them. 
 It helps us to translate specifications of these applications into coherent architectural 
structures, which can be mapped to an implementation environment. 
 It helps us to manage some of the complexities that are associated with the construction 
of these types of applications. 
2.3. Platforms for Designing VW Applications 
There are many desktop-based VR systems from different developers and vendors in 
existence today, which provide a platform and an environment for designing VW 
applications. Some of these systems are briefly reviewed as follows: 
 
Active Worlds is one of the oldest of desktop-based VR systems that are around today. It 
was developed by Ron Britvich and first launched as AlphaWorld in 1995. Active worlds 
focuses on content creation and user communities. It allows people to assign themselves a 
unique name, log in to a VE and explore VWs, which include content created by others. In 
addition, people can chat with one another and build structures on private or publicly owned 
land, using a selection of objects. Active Worlds has a built-in object manipulation system, 
which users can utilise to build objects, copy them, specify their exact placement in all three 
dimensions and write simple scripts using RenderWare Script (RWX) to give them a texture. 
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It also has a built-in scripting system that enables users to create dynamic and interactive 
objects. Fig. 2.1 shows a VW rendered by Active Worlds. 
 
Figure 2.1. A VW rendered by Active Worlds 
Second Life is one of the most popular of desktop-based VR systems in existence right 
now. It was developed by Linden Lab and first launched in 2003. Second Life focuses on 
content creation, entrepreneurship and user communities. It enables people to create 
avatars that can interact with other avatars, objects and places in VWs. It also enables 
people to explore its VWs, socialise, participate in individual and group activities and build, 
shop and trade virtual property and services with one another. Second Life has built-in 3D 
modelling tools and a collection of simple geometric shapes, which enable people to build 
virtual objects. In addition, it has a scripting system that uses a procedural scripting 
language called Linden Scripting Language (LSL), which can be used to add interactivity to 
objects. Fig. 2.2 shows a VW rendered by Second Life. 
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Figure 2.2. A VW rendered by Second Life 
Open Simulator is a free and open-source desktop-based VR system. It was developed by 
Darren Guard and first launched in 2007. Open Simulator focuses on content creation, user 
communities and pushing the boundaries of VR systems through experimentation. For 
example, it uses an architecture called the hypergrid (Lopes, 2011), which allows users to 
be able to teleport between multiple Open Simulator-based VWs that do not necessarily 
have to be located on the same server. Similar to Active Worlds and Second Life, Open 
Simulator enables people to build structures on lands that grant the right to do so. As such, 
it has a built-in 3D modelling and scripting system, which users can utilise to create objects 
and subsequently use or trade them. The scripting system allows LSL or the C# 
programming language to be used to add interactivity to objects. Fig. 2.3 shows a VW 
rendered by Open Simulator. 
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Figure 2.3. A VW rendered by Open Simulator 
High Fidelity is a free and open-source hybrid cloud-hosted desktop-based VR system for 
creating, hosting and exploring shared virtual experiences. It was developed by High Fidelity 
Incorporated and first launched in 2013. High Fidelity enables people to use common 
formats, tools and languages such as audio, facial recognition and scriptable application 
programming interfaces (APIs) to build complex interactive virtual experiences. In addition, 
it can scale to host thousands of people and petabytes of data in a single place and allow 
them to share processing power. High Fidelity has a marketplace for buying and selling 
content, built-in editing tools for content creation and a scripting system that uses the 
JavaScript language for adding interactivity to content. Fig. 2.4 shows a VW rendered by 
High Fidelity. 
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Figure 2.4. A VW rendered by High Fidelity 
Meshmoon is a cloud-hosted desktop-based VR system that is based on realXtend 
technologies such as Webtundra and the Tundra 3D software development kit (SDK). It was 
developed by Admino Technologies and first launched around 2014. Meshmoon focuses 
on collaborative content creation and projects and pushing the boundaries of VR systems 
through experimentation and interoperability with other VR systems (e.g., Open Simulator) 
and non-VR systems such as social media platforms and the web. It allows people to create 
VWs and to script objects in them using the JavaScript language. Fig. 2.5 shows a VW 
rendered by Meshmoon. 
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Figure 2.5. A VW rendered by Meshmoon 
Sansar is a new desktop-based VR system for creating and sharing virtual experiences. It 
is being developed by Linden Lab and is currently in the open beta phase for creators. 
Sansar enables scenes to be designed either in an immersive or non-immersive mode and 
to enhance them with interactive lighting, spatial audio and C# scripting. Third-party tools 
such as 3ds Max, Maya and Blender can be used to create 3D models, which can then be 
imported into Sansar as .fbx files. Linden Lab provides a store for Sansar, from which 
additional assets can be obtained for use in scenes. A scene in Sansar includes detailed 
avatars with speech-driven facial animations and motion-driven body animations that offer 
users a high quality virtual experience as they interact with creations. A key feature that 
distinguishes Sansar from other desktop-based VR systems is that a virtual experience (i.e., 
a scene and all of its content that a user can experience and with which they can interact) 
can be shared with others. As such, Sansar is a highly social desktop-based VR system, 
which provides a platform that enables users to have many virtual experiences and for them 
to be able to share their own with others. Fig. 2.6 shows a VW rendered by Sansar. 
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Figure 2.6. A VW rendered by Sansar 
The various desktop-based VR systems offer a diverse set of tools and affordances, which 
can be used to develop VW applications. Nevertheless, these VW applications are 
characteristically similar to each other with regards to their structure and behaviour (Pellas, 
et al., 2017). This aspect enables a method for designing VW applications for a particular 
desktop-based VR system to be easily portable to another one of these systems. 
2.4. Methods for Designing VW Applications 
In the context of design in SE, a method is a way for solving certain classes of problems 
(Gregory, 1966), using some viewpoint such as an object-oriented, data-oriented or event-
oriented viewpoint (Finkelstein, et al., 1990). It is usually expected to provide a series of 
steps or guidelines that indicate how to create an artefact, as well as a system for capturing 
semantic knowledge about the problems that it is meant to address and their solutions. As 
already mentioned, so far, developers have relied on the use of several existing methods in 
SE such as the structured, behavioural, formal, interactional and iterative methods for 
creating models of VW applications during the design process. They are reviewed as 
follows: 
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Structured methods are those that focus on providing a way for determining the 
components that comprise VW applications and how they link (i.e., their relationship) to one 
another (Dobrica & Niemela, 2002). They are usually based on an object-oriented viewpoint 
and involve the creation of conceptual models such as class (Oliveira, et al., 2003; El-Khalili, 
2009) and component (Cheng & Yeh, 2007; Sawyerr & Pinkwart, 2011; Sawyerr & Pinkwart, 
2011) diagrams, which are used for designing VW applications. 
 
Behavioural methods are those that focus on providing a way for describing or 
representing the dynamic behaviour of VW applications as they are executing (Shaw, 1995). 
They are usually based on data-oriented and event-oriented viewpoints and involve the 
creation of conceptual models such as activity (Chevaillier, et al., 2012; Carvalho, et al., 
2015; Madni, 2018) and state (Green, 1995; Polcar, et al., 2016) diagrams, which are used 
for designing VW applications. 
 
Formal methods are those that focus on providing a way for creating and verifying the 
specifications of VW applications and the components that comprise them (Clarke & Wing, 
1996). They are usually based on mathematical viewpoints and involve the creation of 
conceptual models such as algebraic (Schooten, et al., 1999; Zuniga, et al., 2005) and other 
model-based or formulaic (Zhou, et al., 2000; Figueroa, et al., 2008; Tarkan, 2009) 
specifications, which are used for designing VW applications. 
 
Interactional methods are those that focus on providing a way for determining and 
describing interactions that involve VW applications such as their user inputs and outputs, 
interactions between these applications and other applications or systems and interactions 
between the components that comprise all of them (Moggridge, 2007; Sharp, et al., 2007). 
They are usually based on interaction-oriented viewpoints and involve the creation of 
conceptual models such as use case (Molina, et al., 2003; Reis, et al., 2012) or sequence 
(Winterbottom, et al., 2005; Tizani, 2011) diagrams, which are used for designing VW 
applications. 
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Iterative methods are those that focus on providing a way for prototyping, testing, 
analysing and refining the specifications of VW applications (Nielsen, 1993). They are 
usually based on a cyclic process and involve the creation of conceptual models such as 
wireframes (Roussou, et al., 2004; Srinivasan, et al., 2005), mockups (Whisker, et al., 2003; 
Billinghurst, et al., 2005; Maldovan, et al., 2006) and usability or user experience guidelines 
(Kaur, 1997; Gabbard, et al., 1999; Bowman, et al., 2001; Minocha & Reeves, 2010), which 
are used for designing specific parts of these applications (e.g., UIs, middleware or data 
persistence mechanisms). 
2.5. Placeness 
Users of VWs engage in a wide range of in-world activities such as learning and training 
(Ritsos, et al., 2013; Savin-Baden, et al., 2017), gaming (Bainbridge, 2014), socialising 
(Maentymaeki & Riemer, 2014) and attending meetings and events (Dodgson, et al., 2013). 
These activities are performed in and around VW applications, which results in the notion 
of placeness being imposed on them. If placeness is the consequence of the activities and 
conceptions of the inhabitants of a space, then place refers to the physical attributes that 
frame those activities and provide a socially shareable setting for them in terms of cues that 
organise and direct appropriate social behaviour in that particular place (Kalay & Marx, 
2001). Based on arguments such as this, VW applications can be viewed as places that 
frame the in-world activities of users of VWs and provide them with a social setting for those 
activities. 
2.6. Place-Oriented Modelling Techniques 
The place-oriented viewpoint introduces a new approach for designing VW applications, 
which puts special requirements on existing methods in SE in terms of case-specific 
knowledge such as patterns, conventions and domain experience. As such, the research 
drew from the following place-oriented modelling techniques in architecture to help address 
the issue: 
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Architectural drawing is the practice of designing places using drawings (Smith, 2012). It 
involves creating the layout and visual appearance (or boundary) of buildings using 
sketches and diagrams. In architectural drawing, an architect uses drawing as a tool for 
solving spatial problems by recursively adding, subtracting, transforming and rearranging 
elements and materials until reaching a solution (Schaller, 1997). As such, sketches and 
diagrams employ a range of graphical indicators such as shapes, size and position, to 
explore and communicate ideas about such problems and their solutions. 
 
Generative design is an established method in architecture that uses rules to create 
objects that have different shapes (Sedrez & Periera, 2012). It enables architects to be able 
to generate physical models of places, which they can review prior to construction. In as 
much as generative design is well-known for being used for architectural design in the real 
world (Flemming, 1995; Gero, 1996; Caldas & Rocha, 2001), it has also been used widely 
for similar purposes in VWs (Chien & Flemming, 1997; Gao & Gu, 2009; Steino, 2010; Singh 
& Gu, 2012). While the development of a generative design system or mechanism requires 
a certain level of technical skills, its use or application is comparatively much easier. 
 
The VWADM uses architectural drawing to establish the means for effectively capturing, 
storing, describing and presenting spatial data about VW applications. In using this 
technique, architects do not build actual places. Instead, they create the instructions 
(usually in the form of plans) that enable others to be able to do so. As such, in order to 
manage the complexity of the process, the VWADM uses generative design (by proxy of a 
design agent with generative capabilities) to establish the means for interpreting and 
executing such instructions and generating physical models based on them. 
2.7. Summary 
This chapter reviewed some of the immediate areas that influenced the development of the 
research. As such, it provided a working definition of design in the context of SE. It also 
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gave a few reasons as to why design is important, especially for developing VW 
applications. A review was given of some examples of desktop-based VR systems, which 
provide platforms that accommodate and facilitate designing VW applications. In addition, 
a review was given of some of the existing methods in SE that are currently used for 
designing VW applications. The chapter provided a brief discussion of the architectural 
concept of placeness. Finally, a review was provided of some place-oriented modelling 
techniques in architecture. 
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3. Methodology 
This chapter presents the design science research (DSR) paradigm, which was used to 
conduct the research, including the development of the VWADM. The chapter first provides 
an overview of DSR. It then discusses the rationale for using DSR. This is followed by an 
overview of the core principles of DSR. Next, a discussion is given about the DSR process 
model that was used for conducting the research. The chapter finishes with the review of a 
case study that was used as a pilot study for the research. 
3.1. What is DSR? 
DSR is a problem-solving paradigm that provides a set of synthetic and analytical 
techniques and perspectives for performing sociotechnical research (Hevner, et al., 2004). 
It involves the development of novel or innovative artefacts and analysis of their use and/or 
performance in order to understand and improve the behaviour of aspects of technology. 
Artefacts may be theories, frameworks, constructs, models, methods or instantiations. 
3.2. Rationale for using DSR 
Several other methodologies were examined early in the research for their potential use for 
developing the VWADM. However, since methodologies are usually discipline or activity-
specific4, they could not be used effectively for developing the VWADM. For example, 
methodologies such as Agile (Shore & Warden, 2008) and Spiral (Boehm, 2000) are used 
to manage software development. Others such as Lean (Poppendieck & Poppendieck, 
                                                
 
 
4 See (Huppatz, 2015) for his notes on Simon Herbert’s Science of Design or (Diesing, 2017) Patterns 
of Discovery in the Social Sciences. 
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2003) are used to manage the processes that surround it. Design-centric methodologies 
such as design-based research (Brown, 1992; Mor, 2010) and critical artefact methodology 
(Bowen, 2009) are used for developing software and hardware artefacts (including non-
computing products), but generally not to the extent that includes intangibles such as 
methods. Consequently, DSR was chosen to conduct the research because it supports the 
development of methods (Sawyerr, 2016). Furthermore, DSR offers strong support for the 
development process and provides several frameworks for understanding, conducting, 
evaluating and reporting research (e.g., the organisation of this thesis). Most of all, DSR 
was chosen because it is a well-established methodology that has been used for decades 
in SE for developing new algorithms, new compilers, new programming languages and new 
data models (Livari, 2007). As such, it is time-tested and has a wide knowledgebase to 
support research and development of a wide range of different types of artefacts. 
3.3. Core Principles of DSR 
The fundamental principle of DSR is that knowledge and understanding of a design problem 
and its solution are acquired through the building and evaluation of artefacts. Based on this 
principle, researchers apply artefacts to an application context for the purpose of addressing 
the problems (or needs) of that context. The usefulness of artefacts and the characteristics 
of the application context such as its people, technologies and development methodologies 
determine the extent to which this purpose is achieved. Ultimately, researchers use DSR to 
produce new artefacts to improve the ability of the application context to adapt and succeed 
in the presence of changing environments (Gregor & Hevner, 2013). Such artefacts embody 
the ideas, practices, technical capabilities and products through which technology can be 
effectively developed and efficiently used. Fig. 3.1 shows the DSR framework, which depicts 
these principles. 
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Figure 3.1. DSR framework (Hevner, et al., 2004) 
The application context (or environment) defines the problem space in which the 
phenomena of interest resides. It is usually comprised of groups of people, businesses (or 
organisations) and their existing or planned technologies (Silver, et al., 1995). In it can be 
found the goals, tasks, problems and opportunities that define the needs of the environment 
as they are perceived by people (including those who are part of organisations). Such 
perceptions are shaped by the roles, capabilities and characteristics of people in their 
groups and organisations. Organisational needs are assessed and evaluated in the context 
of strategies, structure, culture and existing business processes. People and organisations 
are positioned relatively to existing or planned technological infrastructure, applications, 
communications architecture and development capabilities. Together, all of these (i.e., 
people, organisations and technology) define the problem or need with which the researcher 
engages. 
3.4. DSR Process for Developing the VWADM 
In this research, Peffers’ DSR process model (Peffers, et al., 2008) was used as a guide to 
develop the VWADM. The Peffers’ DSR process model is a research process model, which 
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is the embodiment of the science of the artificial (Simon, 1996), or what is also known as 
the science of design (Cross, 2001; March & Storey, 2008). As such, the Peffers DSR 
process model is a guide for the application of the scientific method to the task of 
discovering answers (i.e., solutions) to questions (i.e., problems) in DSR. 
 
There are a number of other existing DSR process models such as those suggested by 
(Archer, 1984), (Takeda, et al., 1990), (Eekels & Roozenburg, 1991), (Walls, et al., 1992), 
which could have been used for conducting the research and especially for developing the 
VWADM. However, the Peffers DSR process model was chosen because it is the most 
mature of the models, which is generally accepted for conducting DSR. The Peffers DSR 
process model is consistent with prior literature relating to DSR processes (and process 
models). In addition, it provides a nominal process model for conducting DSR and a mental 
model for presenting and reviewing it. Fig. 3.2 shows the conceptual model of the DSR 
process (i.e., the Peffers DSR process model) that was used for developing the VWADM. 
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Figure 3.2. A conceptual model of the DSR process for developing the VWADM (Peffers, et al., 2008) 
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Using Peffers’ DSR process model, the VWADM was developed using the following six 
steps: 
3.4.1. Identify Problem & Motivate 
The first step in developing the VWADM was to define the research problem and motivation 
for the work (see Section 1.1 in Chapter 1). As such, the research began by identifying the 
need to provide support for the place-oriented viewpoint when designing VW applications 
and explored place design in architecture for ways to address the issue. Literature reviews 
were conducted to gain an understanding of the state of the art in designing VW 
applications, as well as the importance of a solution amongst other things (see Chapter 2). 
This stage of the research also included the mining of information in-world and from online 
forums dedicated to desktop VR systems about design problems and how they affect the 
people that use these platforms. 
3.4.2. Define Objectives of a Solution 
The second step in developing the VWADM was to infer the objectives of a solution by 
extrapolating them from the problem definition and data gathered about what is possible 
and feasible in VWs and when designing VW applications (see Section 1.3 in Chapter 1). 
During extrapolation, knowledge about the state of problems and current solutions was used 
with emphasis being put on the manner in which the VWADM is expected to support 
designing VW applications. 
3.4.3. Design & Development 
The third step in developing the VWADM was to determine its composition and desired 
functionality using theory and design and development knowledge related to linguistic 
design in VWs, worldviews for designing in VWs and agent-based design in VWs, which 
was brought to bear in the new method. Chapter 4 elaborates on the theory and design and 
development knowledge that was used to develop the VWADM. In addition, Chapter 5 
provides a detailed description of the composition and functionality of the VWADM. 
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Furthermore, Chapter 6 provides an overview of an implementation of the VWADM’s 
mechanism for designing VW applications. 
3.4.4. Demonstration 
The fourth step in developing the VWADM was to demonstrate its functionality by applying 
it to a few design scenarios. Chapter 7 is about such a demonstration. 
3.4.5. Evaluation 
The fifth step in developing the VWADM was to conduct a user study to evaluate its features 
and capabilities with respect to their significance for practical application in designing VW 
applications. Such a study involved obtaining the opinions of users (developers) about the 
VWADM’s fitness and utility for designing VW applications. Chapter 8 presents the 
evaluation. 
3.4.6. Communication 
The sixth and final step in developing the VWADM involves discussing the problem (and its 
motivation), describing the solution (i.e., the design and development of the VWADM), 
evaluating it against some criteria of interest and reporting on all of these things (for the 
benefit of various stakeholders of the research such as developers, practitioners and other 
researchers). This thesis is an example of such communication. 
 
The first and second steps of the Peffers DSR model (identify problem & motivate and define 
objectives of a solution) belong to the problem identification phase of the approach used to 
conduct this research. The third step (design & development) belongs to the solution design 
phase. The fourth and fifth steps (demonstration and evaluation) belong to the evaluation 
phase. All of these steps lead to the communication of a summary of the results. 
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3.5. Design and Development Iteration 
DSR considers design and development to be an iterative search process (Venable, 2010; 
Marheineke, 2016). As such, the Peffers DSR model supports process iteration, which is 
reflected in research that was conducted on methods for designing VW applications prior to 
arriving at the VWADM (Sawyerr, et al., 2013; Sawyerr & Hobbs, 2014). The summary of a 
case study that was used as a pilot study for the research is given as follows: 
 
The purpose for conducting the case study was to determine the effectiveness of using an 
existing method for designing VW applications. The example VW application used in the 
case study was the Chaotic Science Lab (Holley, et al., 2013), a VW application that aims 
to provide support for trainee teachers in developing health and safety skills. Fig. 3.3 shows 
the Chaotic Lab VW application. 
 
Figure 3.3. The Chaotic Lab VW application 
The case study used techniques from iterative design and the associated tools were an 
extended cognitive walkthrough (see Appendix A) and VW heuristics (see Appendix B). 
Iterative design involves the cyclic refinement of a product’s design based mainly on testing 
(Kruchten, 2000). The extended cognitive walkthrough is an adaption of the classic 
cognitive walkthrough, which is a task-based inspection method for conducting usability 
evaluations (Wharton, et al., 1994). The VW heuristics is an adaption of the classic 
heuristics (Nielsen & Molich, 1990), which is a set of guidelines for evaluating a GUI and for 
identifying design problems in it. 
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The iterative design method was chosen because of its known rigour in finding and 
eliminating design problems, which is based on a cycle of testing and (re)design. The 
extended cognitive walkthrough and the VW heuristics were chosen because they were 
developed to specifically address design issues that pertain to VWs. Furthermore, both of 
them complement the iterative design method. The extended cognitive walkthrough and the 
VW heuristics were both used in a two-stage procedure in the case study. 
 
The first stage of the case study involved a scenario to prepare a virtual classroom that was 
scattered with various science apparatus and hazards (e.g., flasks containing chemicals) 
and health and safety equipment (e.g., fire extinguishers) for a new teaching session 
(assuming a recently ended teaching session), while following basic health and safety 
procedures. The user was given 10 minutes to put all the items that were used during the 
previous teaching session back into their correct places. At the end of the task, the Chaotic 
Lab VW application provided the user with their score. Further details about the user’s 
current and previous sessions such as times, dates, locations and score history were 
accessible via a web-based interface. 
 
The extended cognitive walkthrough was used to evaluate three modes of interaction: task 
action, navigation and system initiative. As such, in the previously described scenario, the 
user forms an intention to achieve a task goal and proceeds to navigate around the Chaotic 
Lab VW application with some objective in mind. System initiative may occur during 
navigation. During system initiative, the task action and navigation are interrupted in order 
to provide some guidance or help. The user has the option of engaging with system initiative 
or declining it, after which task action and navigation is resumed. 
 
The findings from the first stage of the case study suggest that the extended cognitive 
walkthrough is a reactive tool that is applied late in the development process. As such, it 
belongs to the testing phase of the software development process as opposed to its design 
phase. Furthermore, the findings from this stage of the case study suggest that the extended 
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cognitive walkthrough would be more useful for identifying task-based design issues in VW 
applications with reference to the activities that they are intended to support. 
 
The second stage of the case study involved the use of VW heuristics to identify design 
issues in the GUI of the Chaotic Lab VW application. The VW heuristics included a checklist 
of 53 items (H1.1 - H16.3) grouped into 16 specific usability heuristics (H1 - H16) and further 
grouped into three categories as follows: (1) design and aesthetics, (2) control and 
navigation and (3) errors and help. Table 3.1 shows a summary of the results of the VW 
heuristics evaluation. 
Table 3.1. A summary of the results of the VW heuristics evaluation 
Categories Problems 
Detected 
Mean 
Frequency 
Mean 
Severity 
Mean 
Criticality 
Design and 
Aesthetics 
18 0.50 1.25 1.75 
Control and 
Navigation 
12 1.10 1.48 2.58 
Errors and 
Help 
6 1.25 1.88 3.13 
Total 36 2.85 4.61 7.46 
 
The VW heuristics evaluation was conducted by three expert evaluators. Each evaluator 
separately used the VW heuristics checklist of 53 items to identify design issues in the GUI 
of the Chaotic Lab VW application. The problems that each evaluator found were listed 
(again separately) and grouped according to the 16 specific usability heuristics (H1 - H16). 
Each evaluator then gave a frequency and severity score to each of the 16 specific usability 
heuristics (H1 - H16) that ranged from 0 to 4 (0 means infrequent or negligible and 4 means 
frequent or severe). The set of all three scores were put together for each evaluator, 
resulting in three columns of scores (one for each evaluator) for frequency and also for 
severity. The arithmetic mean of the evaluators’ scores was taken for each of the 16 specific 
usability heuristics (H1 - H16). In addition, the arithmetic mean was taken for each of the 
three categories design and aesthetics, control and navigation and errors and help to 
determine both the mean frequency and mean severity. Finally, the mean criticality was 
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determined by adding the mean severity and mean frequency scores together for each of 
the three categories design and aesthetics, control and navigation and errors and help. 
 
The findings from the second stage of the case study also suggest that VW heuristics are 
a reactive tool that is applied late in the software development process. Therefore, as with 
the cognitive walkthrough, it belongs to the testing phase of the software development 
process as opposed to its design phase. In addition, the findings from this stage of the case 
study suggest that VW heuristics would be more useful for discovering problems in the GUI 
of VR systems rather than VW applications. 
 
Overall, the findings from the case study suggest that both the extended cognitive 
walkthrough and VW heuristics are concerned with task-based analysis and usability 
evaluations respectively. These findings agree with the literature on the purpose of both of 
these methods (Nagpal, et al., 2017; Oliveira, et al., 2017). Nonetheless, more importantly, 
the overall findings led to the decision to explore other means (methods) to support the 
place-oriented viewpoint for designing VW applications. 
3.6. Summary 
This chapter presented the DSR paradigm, which was used to conduct the research. The 
chapter first provided an overview of DSR. It then discussed the rationale for using DSR. 
This was followed by an overview of the core principles of DSR. Next, a discussion was 
given about the DSR process model that was used for conducting the research. Finally, a 
review was given of a case study that was used as a pilot for the research. 
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4. Design and Development of the 
VWADM 
This chapter discusses the design and development of the VWADM using theory and design 
and development knowledge related to linguistic design in VWs, worldviews for designing 
in VWs and agent-based design in VWs. First, linguistic design in VWs is discussed. This 
is followed by a discussion of views for designing in VWs. The chapter finishes with a 
discussion of agent-based design in VWs. 
4.1. Linguistic Design in VWs 
This section discusses theory and design and development knowledge that pertains to 
linguistic design in VWs, which covers the linguistic characterisation of VWs, grammar as a 
tool for designing VW applications and shape grammar. 
4.1.1. Linguistic Characterisation of VWs 
The modern concept of space extends beyond its originally strict geometrical meaning of 
an empty area to include matter characteristics (Nerlich, 1994). Spatial theory distinguishes 
between three types of space (Soja, 1985; Lefebvre, 1991), which are as follows: 
 Physical space - comprised of nature and the cosmos 
 Mental space - comprised of logical and formal abstractions 
 Social space - comprised of social interactions 
 
Each of these types of space is interlinked with the other and together they define the matter 
of space (Merrifield, 1993). For example, the space of nature and the cosmos cannot be 
considered separately from that of logical and formal abstractions and social interactions. 
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Based on this idea of spatial interlinks, it can also be argued that cyberspace cannot be 
considered separately from physical, mental and social space. 
 
Parallels can be drawn between the three types of space mentioned above and Popper’s 
three worlds (Popper, 1979), which is a way of looking at reality as defined in the following: 
 World 1: comprised of physical objects and events, including biological entities. 
 World 2: comprised of mental objects and events including dreams, thoughts and 
consciousness. 
 World 3 comprised of objective knowledge or the products of thought, including abstract 
objects such as art, engineering and scientific theories. 
 
For Popper, the three types of worlds are not separate either. Instead, they are interlinked 
and always interacting with each other. For example, events in World 1 and World 2 can 
cause changes in World 3, such as the development of scientific theories. Therefore, it can 
also be argued here that cyberspace respects the trichotomy of reality as is evident in similar 
arguments made in other areas of discourse such as sociology (Esping-Andersen, 1990; 
Weeden & Grusky, 2012), mathematics (Tall, 2004) and political science (Jahn, 2014). Fig. 
4.1 shows the relationship between the three types of space and Popper’s three worlds. 
 
Figure 4.1. Relationship between the three types of space and Popper’s three worlds 
Physical space 
Social space 
World 2Mental space 
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 (Cicognani, 1998) defines cyberspace as an electronic flux of information, which means 
that it does not only rely on a computer-generated environment, but it also deals with speed, 
access and manipulation. In addition, she argues that the information that characterises 
cyberspace is structured on language. As such, she concludes that cyberspace is a 
linguistic construction, since any object found in it is a result of some sort of language such 
as the hypertext mark-up language (HTML), JavaScript or Java. VWs are part of cyberspace 
(Janelle & Hodge, 2000). Therefore, it can be concluded that they are interlinked with the 
three notions of space (i.e., physical, mental and social spaces) as well as Popper’s three 
perspectives of reality (i.e., World 1, World 2 and World 3). More importantly, as objects in 
cyberspace, a final argument can be made that VWs are also characterised by (and 
structured on) language. 
4.1.2. Grammar as a Tool for Designing VW Applications 
Given that VWs are fundamentally linguistic in nature (Cicognani, 1998), grammar can be 
applied to the design process for VW applications (Cicognani, 2000). In formal language 
theory, a grammar is a set of production rules for strings in a formal language (Martinez, 
2016). Such rules, describe how to form strings from the language’s alphabet, which are 
valid according to the language’s syntax. Consequently, a grammar is comprised of a set 
of rules for rewriting or transforming strings, as well as a start symbol from which such a 
process begins. In order to generate a new string, rules are applied recursively to a string 
consisting of a single start symbol until a string is produced that contains neither the start 
symbol nor designated nonterminal symbols. For example, given an alphabet that consists 
of x and y and a start symbol S, it is possible to derive two rules S  xSy (rule 1) and S  
yx (rule 2) such that: 
if rule 1 is applied, then string xSy is obtained; 
if rule 1 is applied again, then xSy replaces S and string xxSyy is obtained; 
if rule 2 is applied at this point, then yx replaces S and string xxyxyy is obtained. 
The example can be simplified as follows: 
S  xSy  xxSyy  xxyxyy 
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The concept of grammar as a tool for designing VW applications has its basis in speech 
acts (Austin, 1962), which are utterances that have performative functions. A speech act is 
the action performed by language to modify the state of an object on which the action is 
performed (Cicognani & Maher, 1997). Some examples of speech acts are as follows: 
“I promise I will do my best” 
“I baptise you George…” 
“I now pronounce you husband and wife” 
Utterances may be questions, convictions or actualities (i.e., facts, truths, proofs, etc.). 
However, these do not constitute speech acts. Instead, speech acts are those that are 
pronounced using the simple present tense indicative in order to affect an actual situation. 
As such, they are neither interrogative nor descriptive and they do not refer to past events. 
4.1.3. Shape Grammar 
The GDG framework is based on shape grammars (Stiny & Gips, 1972), which use a set of 
shape rules that can be applied to shape primitives in order to generate a set or language 
of designs (Knight, 2000). Shape rules have generative characteristics, as well as 
descriptive ones. Therefore, they can be used to capture and store data about some design 
problem as well as to generate a view that is the descriptive solution to such a problem. 
According to (Gips, 1975), shape grammars consist of four basic components as follows: 
1. S: a finite set of shapes 
2. L: a finite set of symbols 
3. R: a finite set of shape rules 
4. I: an initial shape 
The shapes in the set S and the symbols in the set L provide the building blocks for defining 
the shape rules in set R and the initial shape I. Each shape rule follows the form of Sa  
Sb, where Sa and Sb are two different labelled shapes. 
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Shape grammars can be used to generate a shape-oriented language of design in a 
process that involves the recognition of a particular shape and its possible replacement. 
Shape rules specify the particular shapes to be replaced and the manner in which they are 
replaced. As such, underlying a set of shape rules are transformations, which permit one 
shape to be replaced by another. 
 
A shape-oriented language of design can be generated by starting with an initial shape and 
applying shape rules to it in a stepwise manner. The result of this process is another shape 
consisting of the initial shape with the right-hand side of the rule replacing the left-hand side 
of the rule. According to (Stiny, 1980), the application of shape rules is as follows: 
1. Find part of the shape that is geometrically similar to the left side of a rule in terms 
of both terminal and non-terminal elements. 
2. Find the geometric transformations (scale, translation, rotation, mirror image) that 
make the left side of the rule identical to the corresponding part in the shape. 
3. Apply those transformations to the right side of the rule. 
4. Substitute the transformed right side of the rule for the part of the shape that 
corresponds to the left side of the rule. 
5. The generation process is terminated when no rule in the grammar can be applied. 
 
By alternating the sequence in which the above shape rules are applied, different designs 
that share a similar style can be generated. However, a point of interest when using shape 
grammars is the accuracy of the designs with regards to the design goals (including the 
satisfaction of design requirements and constraints). According to (Knight, 1999), there are 
two approaches that can be used to address this issue. The first approach is to incorporate 
the requirements and the constraints into the shape rules so that the generated designs 
have a certain level of predictability in meeting the design goals. The second approach is 
to generate the designs without incorporating the requirements and constraints into the 
shape rules (the rules will nevertheless still be based on an interpretation of these) and to 
subsequently use a design agent (i.e., human or computational) to evaluate them and select 
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the ones that satisfy the requirements and constraints. Fortunately, shape grammars are 
flexible enough to manage either approach without much of a trade-off in performance (e.g., 
accuracy). Therefore, a final point to be made about shape grammars is that they are easily 
understandable and usable by people as well as adaptable for use in computer programs. 
4.2. Views for Designing in VWs 
This section discusses theory and design and development knowledge that pertains to 
views for designing in VWs. Here, views are representations of VWs and objects in them, 
based on the place-oriented viewpoint. As such, this section discusses the three-layered 
view of VWs, as well as the three-layered view of objects in them. 
4.2.1.  Three-Layered View of VWs 
 (Gero & Kannengiesser, 2004) describe a situated view of design that assumes a non-
static environment that is comprised of three different interlinked environments (all 
interacting with one another) in which the design process takes place. Fig. 4.2 shows the 
situated view of design. 
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Figure 4.2. Situated view of design (Gero & Kannengiesser, 2004) 
Based on this view, the GDA model’s process for designing VW applications can be 
modelled as the interactions of three representation layers of a VW, which are the external 
world, the interpreted world and the expected world. The external world comprises 
representations outside a GDA. The interpreted world is the internal representation of the 
external world that exists inside the GDA, which reflects its knowledge and experience. The 
expected world is a part of the interpreted world in which the results of the design process 
are predicted based on the GDA’s current design goals and its interpretations of the current 
state of the world. 
 
The GDA model uses the three-layered view of VWs for capturing the spatial elements that 
comprise VW applications. For GDAs, a VW W is the union of the external world Wext, the 
interpreted world Wint, and the expected world Wexp such that: 
External World
Expected World Interpreted World
Action Interpretation
Focusing
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W = Wext ∪ Wint ∪ Wexp 
A VW is comprised of spatial elements, representations of its users in the form of playable 
characters or avatars and events that occur in the environment, all of which exist outside of 
the GDA. As such, a GDA’s external world Wext may include all or part of these things. The 
interpreted world Wint is the GDA’s interpretation (and internal representation) of Wext. The 
current design needs in the VW and the current state of the VW are represented in Wint. 
The expected world Wexp is where the GDA hypothesises about its design goals, generates 
the models of VW applications and initiates other changes in the VW. The GDA 
hypothesises by matching its interpretations of the current design needs against the current 
state of the VW, reads and applies the design specification from the GDG and generates a 
model of the VW application to satisfy the requirements. 
 
The external world Wext is comprised of Aext, Eext, wAext and Oext such that: 
Wext = Aext ∪ Eext ∪ wAext ∪ Oext 
where Aext, Eext and Oext are each represented by a set of elements of the same type, and 
wAext is represented by an ordered list of properties such that: 
Aext = {avatarext_1, avatarext_2, …, avataretx_n} 
Eext = {eventext_1, eventext_2, …, eventext_n} 
wAext = {sizeext, capacityext, ownerext, serverext, system_timeext} 
Oext = {Oext_1, Oext_2, …, Oext_n} 
Aext represents the avatars of users in the VW. Eext represents the various events in the VW. 
wAext represents the properties of the VW. Oext represents objects in the VW. In a VW, 
objects can refer to primitives that are constructed using other primitives (e.g., a chair or 
desk). As such, VW applications are also objects. 
 
The interpreted world Wint is comprised of Aint, Eint, wAint and Oint such that: 
Wint = Aint ∪ Eint ∪ wAint ∪ Oint 
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where Aint, Eint, wAint and Oint are the GDA’s internal transformation of Aext, Eext, wAext and 
Oext such that: 
Aint = τ(Aext) 
Eint = τ(Eext) 
wAint = τ(wAext) 
Oint = τ(Oext) 
Aint, Eint, wAint and Oint represent the GDA’s interpretation (and internal representation) of 
Aext, Eext, wAext and Oext. In addition, the GDA interprets the current design needs N in the 
VW and the current state of the VW sT such that: 
N = τ(Wint) 
sT ϵ Wint 
 
The expected world Wexp is comprised of Aexp, Eexp and Oexp such that: 
Wexp = Aexp ∪ Eexp ∪ Oexp 
where Aexp, Eexp and Oexp represent the design goals (hypothesised by the GDA), which aim 
to eliminating mismatches between the current design needs N in the VW and the current 
state sT of the VW such that: 
Aexp ϵ τA(N, sT) 
Eexp ϵ τE(N, sT) 
Oexp ϵ τO(N, sT) 
Aexp represents the expected properties of the avatars of users in the VW. Eexp represents 
the expected events in the VW. Oexp represents the expected objects in the VW and their 
properties. In general, the properties of the VW are usually static. Therefore, the expected 
world Wexp does not include wAexp. 
4.2.2. Three-Layered View of Objects in VWs 
In addition to a situated view of design, (Gero, 1990) introduced the function, structure and 
behaviour (FBS) model of design that generalises the design process using three variables: 
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function, behaviour and structure. The FBS model of design can be used to characterise 
elements of the design process in terms of the following sub-processes: formulation, 
synthesis, analysis, evaluation, production of design description (i.e., documentation) and 
reformulation. Fig. 4.3 shows the FBS model of design. 
 
Figure 4.3. FBS model of design as a process (Gero, 1990) 
The symbol F represents the set of functions, Be represents the set of expected behaviours, 
S represents structure, Bs represents the set of actual behaviours and D represents design 
descriptions such that: 
F + (Be  Ba) + S  D 
Sub-process flow based on the FBS model of design is as follows: 
1. Formulation - the design process begins and the design requirements (i.e., 
functions) are transformed into the expected behaviours Be. 
2. Synthesis - the design solution is provided in the form of structures S, which are 
intended to support the expected behaviours Be. 
3. Analysis - the actual behaviours Bs are derived from the structures S. 
4. Evaluation - the actual behaviours Bs are compared with the expected behaviours 
Be. 
5. Documentation - if the actual behaviours Bs are evaluated to be satisfactory, the 
documentation sub-process will be triggered to produce design descriptions D. 
F S
Be Bs
D
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6. Reformulation - if the actual behaviours Bs are evaluated to be unsatisfactory, the 
reformulation sub-process will be triggered in order to adjust relevant elements and 
restart the flow. 
 
An adapted version of the FBS model of design can be used to characterise the elements 
that are involved in the design process in VWs. Fig. 4.4 shows the FBS model of design, 
which is specifically for supporting the design process in VWs. 
 
Figure 4.4. FBS model of design for VWs (Yu, et al., 2012) 
The design process in VWs can be represented as interactions among Wext, Wint and Wexp. 
As such, the FBS model of design for VWs can be used to characterise elements of the 
design process for VW applications in terms of the following sub-processes: (1) 
hypothesising, (2) designing, (3) action and (4) (re)interpretation. Sub-process flow based 
on the FBS model of design for VWs is as follows: 
Wext WexpWint
Oexp
OexpB
OexpS
OexpFOintF
OintB
OintS
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Oext 1
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4
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1. Hypothesising - the GDA sets up design goals in terms of the expected functions 
OexpF and the expected behaviours OexpB, in order to eliminate mismatches between 
the current design needs N in the VW and the current state sT of the VW such that: 
OexpF = {Oexp_1F, Oexp_2F,…, Oexp_nF} 
OexpB = {Oexp_1B, Oexp_2B,…, Oexp_nB} 
 
for any expected function Oexp_iF and expected behaviour Oexp_iB such that: 
Oexp_iF  τ(N, sT) 
Oexp_iB = τ(Oexp_iF) 
2. Designing - the GDA applies GDGs to satisfy its current design goals such that: 
OexpS = τ(OexpF, OexpB) 
3. Action - the actions for generating the model of a VW application are planned and 
activated in the VW such that: 
OexpS  OextS 
4. (Re) interpretation - generation of the model of the VW application causes further 
changes to the VW, which triggers (re)interpretation such that: 
Oint = τ(Oext) 
for any interpreted object Oint_i in the VW such that: 
Oint_iS = τ(Oext_iS) 
Oint_iB = τ(Oint_iS) 
Oint_iF = τ(Oint_iB) 
 
The GDA model uses the FBS model of design for VWs to represent objects in VWs. For 
the GDA model, any object Oi in the VW is comprised of functions OiF, behaviours OiB, and 
structures OiS such that: 
Oi = OiF ∪ OiB ∪ OiS 
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The representation of an object in the external world includes structures Oext_iS. However, 
functions Oext_iF and behaviors Oext_iB of the object are assumed to be nil, and are therefore 
addressed in the GDA’s interpreted world such that: 
Oext_iF = ∅ 
Oext_iB = ∅ 
Oext_iS = {structureext_1, structureext_2, ..., structureext_n} 
 
All of the objects in the interpreted world have a counterpart in the external world. The 
interpreted functions Oint_iF and behaviors Oint_iB are derived from the interpreted structures 
Oint_iS such that: 
Oint_iF = τ(Oint_iB) 
Oint_iB = τ(Oint_iS) 
Oint_iS = τ(Oext_iS) 
It is optional for an object in the GDA’s expected world to have a counterpart in the 
interpreted world, since objects in a VW can be generated based either on existing 
structures or by new creations. The GDA’s design goals are hypothesised in terms of the 
expected functions Oexp_iF and the expected behaviours Oexp_iB and with regards to the 
current design needs N and to the current state sT of the VW such that: 
Oexp_iF ϵ τ(N, sT) 
Oexp_iB = τ(Oexp_iF) 
After a design goal has been hypothesised by the GDA, it reads and applies the design 
specification from the GDG and generates structures of the object (i.e., the VW application) 
represented by Oexp_iS, which are instantiated in the VW such that: 
Oexp_iS = τ(Oexp_iF, Oexp_iB) 
4.3. Agent-based Design in VWs 
This section discusses theory and design and development knowledge that pertains to 
agent-based design in VWs. Agents are the basis for the intelligent component of the 
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VWADM. As such, this chapter discusses computational agents, as well as the common 
agent model (CAM) from which the GDA model is derived. 
4.3.1. Computational Agents 
The use of artificial intelligence (AI) techniques for modelling places in VWs is a well-
established practice in architecture. In particular, AI techniques can be used for designing 
accurate models of virtual places, testing the quality of these models and optimising or 
automating the design process (AEM, 2016). At the centre of this practice are computational 
agents (Poole, et al., 1998), which are entities that are capable of acting in some 
environment and whose decisions about their own actions can be explained in terms of 
computation (Poole & Mackworth, 2010). Fig. 4.5 shows a generic computational agent 
model. 
 
Figure 4.5. A generic computational agent model (Russell & Norvig, 2010) 
In general, computational agents are expected to be able to perceive their environment 
(through sensors) and act on it (through effectors). However, depending on the nature of 
the environment (as well as other factors such as the complexity of the agent itself), they 
may also be able to act intelligently in many ways. For example, an agent may be able to 
reason about the condition of its environment and act based on condition-action rules. Fig. 
4.6 shows a reflex agent model that is capable of exhibiting such behaviour. 
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Figure 4.6. A reflex agent model (Russell & Norvig, 2010) 
4.3.2. Common Agent Model 
The GDA model derives from the CAM (Maher & Gero, 2002), which can be used to 
increase interactivity in VWs. When the CAM is applied to objects in VWs, it enables them 
to be able to automatically configure themselves as needed. Fig. 4.7 shows the CAM, whose 
architecture includes agent elements and computational processes for supporting agent-
agent and agent-VW interactions. 
 
Figure 4.7. The CAM (Maher & Gero, 2002) 
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Using the CAM, objects in VWs such as doors, windows, lights, walls and rooms are 
represented as agent elements. Consequently, a VW application can be represented as a 
society of agents each of which is capable of sensing and acting in the VW by reasoning 
about its current state. The CAM provides a common vocabulary for describing, 
representing and implementing the knowledge and communication of an agent (Maher, et 
al., 2003). Therefore, its use to develop an agent enables the agent to interact with the VW 
(including other agents and objects) through sensors and effectors. Such an agent has a 
reasoning mechanism with five types of reasoning, which are as follows: 
 
Sensation - transforming raw inputs from the sensors into data that is more appropriate for 
the agent to use for reasoning and learning 
 
Perception - the process that finds grounded patterns of invariance in the agent’s 
representation of the sense data for constructing concepts 
 
Conception - learns about concepts and uses them to reinforce or modify the agent’s 
beliefs and goals 
Hypothesiser - identifies mismatches between the current state of the VW and its desired 
state and hypothesises goals in order to eliminate mismatches 
 
Action - the process that reasons about the sequence of operations in the VW and enables 
the agent to achieve its goals. 
4.4. Summary 
This chapter presented the design and development of the VWADM using theory and 
design and development knowledge related to linguistic design in VWs, worldviews for 
designing in VWs and agent-based design in VWs. First, it discussed linguistic design in 
VWs. This was followed by a discussion of views for designing in VWs. Finally, a discussion 
was given about agent-based design in VWs. 
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5. VWADM: A New Method for 
Designing VW Applications 
This chapter presents a description of the virtual world applications design method 
(VWADM), including its two components: the generative design grammar (GDG) framework 
and generative design agent (GDA) model. As such, the chapter begins with an overview 
of the composition of the VWADM. Next, it describes the GDG framework. The chapter 
finishes with a description of the GDA model. 
5.1. Composition of the VWADM 
The VWADM is a generative method for creating place models of VW applications during 
the design process. It combines the GDG framework and GDA model to establish the means 
for capturing spatial data about VW applications (including the objects that comprise them), 
transforming and storing such data as building information that is subsequently used to 
dynamically generate models of these applications. The GDG framework and GDA model 
are derived from methods developed by Maher et al and Gu and Maher to address the 
problem of static design in architecture (Maher, et al., 2000; Maher, et al., 2001; Maher & 
Gu, 2003; Gu & Maher, 2003; Gu & Maher, 2004). Together, the GDG framework and GDA 
model form the template of a mechanism that is used for engineering the design of VW 
applications prior to construction. Consequently, the VWADM is also a proactive method. 
Proactive methods are concerned with engineering the design of applications prior to 
construction (Moynihan, et al., 2001; Godwin, et al., 2010; Forcada, et al., 2015), which 
distinguishes them from other reactive methods (Freund, et al., 1998; Gianacakes, 2003) 
that engage with design late in the development process. 
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The GDG framework can be used to develop GDGs, which provide modelling concepts 
such as a set of grammars and rules for capturing and storing spatial data and transforming 
it into building information that is used to create conceptual models of VW applications. In 
complement, the GDA model can be used to develop GDAs, which wrap around GDGs and 
provide a way to automate the process of generating physical models of VW applications, 
whose specifications are based on the GDGs. Fig. 5.1 shows that the VWADM and the 
output of the GDG framework and GDA model (i.e., GDGs and GDAs) integrate neatly into 
the software development process. 
 
Figure 5.1. Integration of the VWADM into the software development process 
The VWADM is comprised of a collection of symbols that are defined for use for describing 
GDGs and presenting them to stakeholders for review. Some of them are used for 
describing GDGs in the next section (and in the case studies that are presented in Chapter 
7). Table 5.1 provides the meanings of these symbols, including those that are not used in 
the examples given in this thesis. 
Table 5.1. A summary of the symbols used for describing and presenting GDGs 
Symbol Meaning 
 or  Material implication or implies; if…then; 
from…to; maps to. 
 Registration mark used to show the 
position of shapes on the left-hand side and 
right-hand side of the rule, relative to each 
other. 
• Spatial label used to control the application 
of shape rules. 
+ Additive symbol. It may be used in 
conjunction with state labels to indicate 
additive rules. 
- Subtractive symbol. It may be used in 
conjunction with state labels to indicate 
subtractive rules. 
Software Development Process
Requirements ConstructionDesign
GDG GDA
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 Hyperlink symbol, which indicates that the means exists for teleportation or transfer 
from one location to the other. 
 Hyperlink symbol, which indicates that the means exists for teleportation or transfer 
from one location to the other. Used with 
multilevel VW applications. 
 Wayfinding aid; shows path in an area. 
 Wayfinding aid; shows path between two adjacent areas. 
 Opening that connects two adjacent areas. 
 
Relative shape that indicates a multilevel 
area, which in this example is two levels 
(i.e., level a and level b). 
 
The symbols that are not used in the design examples given in this thesis are the spatial 
label • and the wayfinding aids  and . In the case of the 
spatial label, it is not used because the initial shape in each example serves as a marker 
during transformation5. In the case of the wayfinding aids, they were not used because each 
example uses teleportation as the mode of navigation (as opposed to pathfinding). 
 
The GDG framework and GDA model are described in the following sections. 
5.2. GDG Framework 
The GDG framework provides guidelines and strategies for developing GDGs. It allows us 
to specify the general structure of a GDG and its basic components, which are the design 
rules. Fig. 5.2 shows the GDG framework. 
 
                                                
 
 
5 See (Hoisl & Shea, 2013) for a discussion on the use of markers in shape and spatial grammars. 
a/b
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Figure 5.2. The GDG framework (Gu & Maher, 2005) 
By using the GDG framework, GDGs can be developed for creating place-oriented 
conceptual models of VW applications that are intended to provide support for various in-
world activities, and therefore reflect many different architectural styles. 
 
A GDG is a set of rules that describe an architectural style. A GDG G is comprised of design 
rules R, an initial design Di and a final state of the design Df such that:  
G = {R, Di, Df}. 
The basic components of the GDG are the design rules R. The general structure of the 
GDG for creating the conceptual models of VW applications consists of four sets of design 
rules, which are (1) layout rules Ra, (2) object rules Rb, (3) navigation rules Rc, and (4) 
interaction rules Rd such that:  
R = {Ra, Rb, Rc, Rd}. 
The four sets of design rules correspond to the four phases for place-oriented design of VW 
applications, which are as follows: 
 
Di: initial design
Create the layout 
of the VW application
Layout Rules
Create algorithms, write code 
and ascribe scripts to objects
Specify navigation methods
Configure the 
VW application with objects
Df: final state of the design
Interaction Rules
Navigation Rules
Object Rules
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Layout design: creating the layout of the VW application, where each area has a purpose 
that accommodates a certain set of intended activities. 
 
Object design: configuring the VW application with objects that provide visual boundaries 
of the application, as well as visual cues for supporting the intended activities. 
 
Navigation design: specifying navigation methods that use wayfinding aids such as 
hyperlinks and teleportation devices for assisting the movements of users (using avatars) 
between different areas of the VW application. 
 
Interaction design: designing algorithms, writing code, and ascribing scripts to objects, to 
enable users to be able to interact with the VW application. 
 
A GDGs design rule specifies that when the left-hand side object (LHO) is recognised in a 
VW and the state label (sL) matches, the right-hand side object (RHO) will replace the LHO 
such that: 
LHO + sL  RHO 
State labels direct and ensure that the model of a VW application satisfies its design 
requirements. 
 
In the following sections, we will use the example of a school application to further explain 
how the GDG’s design rules can be used for creating the conceptual models of VW 
applications. For the purpose of creating the layout of the school application, the symbol 
 will be used to represent the main building (i.e., the initial design) and the 
symbol  will represent a set of stairs that lead into the main building. The symbol  
will represent a classroom of which there are two that are located to the back of the main 
building and the symbol  will represent the registration mark. 
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5.2.1. Layout Rules 
The first set of rules to be applied using the GDG are layout rules, which create the layout 
of the VW application according to the type of activity it is intended to support. 
 
Fig. 5.3 shows that after applying the GDG’s layout rules, the RHO (i.e., the layout of the 
main building with a set of stairs attached to its front) will replace the LHO (i.e., the layout 
of the main building). 
 
Figure 5.3. Layout rule for adding a set of stairs to the school’s main building 
The state label sL = 1 shows that we are working in the first phase of the GDG’s design 
rules and sL= s1 is the design context, which indicates that the layout of a set of stairs, 
which lead into the main building, should be generated based on a certain specification s1. 
 
Applying the layout rule for adding a set of stairs to the school’s main building requires the 
following conditions to be met: 
 The layout of the school’s main building is recognised in the VW 
 The design context (s1) matches some current design requirements or needs that are 
supposed to be used by designers (i.e., manually) or computational agents (i.e., 
automatically) to model the school application 
 
Fig. 5.4 shows that after applying the GDG’s layout rules, the RHO (i.e., the layout of the 
main building with a set of stairs attached to its front and a classroom added to the back of 
it) will replace the LHO (i.e., the layout of the main building with a set of stairs attached to 
it). 
 
Figure 5.4. Layout rule for adding a classroom to the back of the main building 
1s1
1r1
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The state label sL = 1 shows that we are working in the first phase of the GDG’s design 
rules and sL= r1 is the design context, which indicates that the layout of a room (i.e., a room 
whose purpose is to support learning activities) should be generated based on a certain 
specification r1. 
 
Applying the layout rule for adding a classroom to the back of the main building requires the 
following conditions to be met: 
 A layout that represents the school’s main building registered with a set of stairs is 
recognised in the VW. 
 The design context (r1) matches some current design requirements or needs that are 
supposed to be used by designers or computational agents to model the school 
application. 
5.2.2. Object Rules 
The second set of rules to be applied using the GDG are object rules, which are used to 
configure the VW application with various objects that form visual boundaries as well as 
visual cues of the application for supporting the intended learning activities. 
 
Fig. 5.5 shows that after applying the GDG’s object rules for one of the classrooms of the 
school application, a visual boundary of it is generated. 
 
Figure 5.5. Object rule for configuring the visual boundary of a classroom 
2tS
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The state label sL = 2 shows that we are working in the second phase of the GDG’s design 
rules and sL = tS is the design context, which indicates that a certain texture scheme should 
be applied to the walls of the classroom. 
 
Applying the object rule for configuring the visual boundary of the classroom requires the 
following conditions to be met: 
 The layout that was generated for the school application contains a main building with 
a set of stairs that is registered with a classroom to the back of it. 
 The design context (tS) matches some current design requirements or needs that are 
supposed to be used by designers or computational agents to model the school 
application. 
 
Fig. 5.6 shows that after applying the GDG’s object rules to one of the classrooms of the 
school application, it is also configured with visual cues (i.e., a blackboard, book case, 
books, chairs and desks) for supporting the intended learning activities. 
 
Figure 5.6. Object rule for configuring a classroom with visual cues 
The state label sL = 2 shows that we are working in the second phase of the GDG’s design 
rules and sL = rF1 is the design context, which indicates that a set of furniture should be 
generated in the classroom. 
 
Applying the object rule for configuring the classroom with visual cues that support learning 
requires the following conditions to be met: 
 A visual boundary of the classroom has been generated. 
2rF1
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 The design context (rF1) matches some current design requirements or needs that are 
supposed to be used by designers or computational agents to model the school 
application. 
5.2.3. Navigation Rules 
The third set of rules to be applied using the GDG are navigation rules, which are used to 
specify the VW application’s navigation methods using wayfinding aids such as hyperlinks 
and teleportation devices. 
 
Fig. 5.7 shows that after applying the GDG’s navigation rule, the RHO (i.e., the model of the 
school with teleportation enabled between its two classrooms) will replace the LHO (i.e., the 
model of the school without teleportation enabled between its two classrooms). 
 
Figure 5.7. Navigation rule that specifies a teleport navigation method 
The state label sL = 3 shows that we are working in the third phase of the GDG’s design 
rules and sL = tP1 is the design context, which indicates that teleportation devices should 
be generated in order to enable movement from one classroom to the other. 
 
Applying the navigation rule that specifies the school application’s navigation method 
requires the following conditions to be met: 
 Visual boundaries of the two classrooms have been generated. 
 The two classrooms have been configured with all necessary visual cues. 
 The design context (tP1) matches some current design requirements or needs that are 
supposed to be used by designers or computational agents to model the school. 
 
Fig. 5.8 shows the effect of applying the navigation rule, which generates a teleportation 
device in this example. 
3tP1
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Figure 5.8. An example of the effect of applying a navigation rule that specifies a teleport navigation method 
Both of the images above show the visual boundaries of the two classrooms of the school 
application. The image on the left is of the two classrooms prior to applying the GDG’s 
navigation rules. The image on the right shows the two classrooms after applying the GDG’s 
navigation rules and a teleportation device has been generated. By ascribing the 
appropriate scripted behaviour to the teleportation devices, users of the school application 
will be able to click on any one of them to teleport to the other classroom. 
5.2.4. Interaction Rules 
The fourth and final set of rules to be applied using the GDG are interaction rules, which 
are used for designing algorithms, writing code and ascribing scripts to objects to enable 
users to be able to interact with the VW application. As mentioned earlier, interaction rules 
are non-spatial and non-visual. Therefore, they are expressed using IF…THEN… 
statements. The following is an example of the IF…THEN… statements for the teleportation 
device in the school application: 
 
sL = 4 
IF: Visual boundaries of the two classrooms have been generated 
AND 
The two classrooms have been configured with all necessary visual cues 
THEN: render teleport device 
AND 
Ascribe appropriate behaviour to teleport device according to design requirements 
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Fig. 5.9 shows an example of a VW application, which was constructed based on the 
conceptual model of the school application (it was generated by applying the GDG’s four 
sets of design rules). 
 
Figure 5.9. A VW application for supporting learning activities 
The GDG framework provides guidelines and strategies for developing GDGs. It allows us 
to specify the general structure of a GDG and its basic components, which are the design 
rules. By using the GDG framework, GDGs can be developed for creating place-oriented 
conceptual models of VW applications with varying degrees of complexity, reflecting 
different architectural styles. For example, GDGs can be developed for creating models of 
VW applications such as a building with many differently shaped rooms that span multiple 
storeys. These models can then be reviewed by stakeholders. In order to generate physical 
models of VW applications, we can introduce the use of GDAs into the design process. A 
possible workflow would be to firstly develop a set of GDGs that can be used to generate a 
description of some VW application, which is also its design specification. Next, a GDA 
would read the design specification and use some form of reasoning to generate the 
physical model of the VW application. 
 
67 
5.3. GDA Model 
The GDA model is a computational agent model that operates in a VW and has 
computational processes for reasoning, which can be used to automatically generate 
physical models of VW applications. The GDA’s reasoning mechanism uses sensors and 
effectors as an interface between the GDA itself and the VW, as well as for modelling the 
VW application based on the models produced by the GDG (i.e., the design specification). 
Figure 5.10 shows the GDA model. 
 
Figure 5.10. The GDA model 
The GDA wraps around the GDG and senses and effects the properties of the models of 
VW applications. In addition, the GDA is capable of reasoning about the condition of its 
environment and act based on condition-action rules. The GDA’s reasoning mechanism has 
five computational processes, which are as follows: 
 
Sensation - using sensors to retrieve raw data from the VW to prepare for the process of 
interpretation. 
 
Interpretation - interpreting the current design needs and the current state of the VW. 
 
Hypothesising - setting up design goals that aim to eliminate mismatches between the 
current design needs in the VW and the current state of the VW. 
 
Sensors
Effectors
Sensation HypothesisingInterpretation Designing
Action
Virtual
Place Designs
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Designing - reading the output of the GDG (i.e., the design specification) and using its 
description to provide the design of the VW application in order to satisfy current design 
goals. 
 
Action - planning actions for implementing the design specification in the VW, as well as 
activating the planned actions in the VW. 
 
The GDA’s five computational processes form a recursive loop, in which new creations and 
changes in the VW trigger the GDAs to start a new cycle of reasoning and designing. This 
way, objects in the VW can be modelled and generated dynamically as needed. 
5.3.1. Sensation 
During the sensation process (see Fig. 5.11), the GDA retrieves raw data from the external 
world to prepare for the interpretation process, in which sense data is transformed in order 
to construct the GDA’s interpreted world Wint such that: 
Wext  Wint 
Wext = Aext ∪ Eext ∪ wAext ∪ Oext 
Wint = Aint ∪ Eint ∪ wAint ∪ Oint 
In addition, the GDA interprets the current design needs N in the VW and the current state 
sT of the VW such that: 
N = τ(Wint) 
sT ϵ Wint 
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Figure 5.11. The GDA’s sensation process 
5.3.2. Interpretation 
During the interpretation process (see Fig. 5.12), the interpreted world Wint is constructed 
based on the external world Wext such that: 
Wext  Wint 
Wext = Aext ∪ Eext ∪ wAext ∪ Oext 
Wint = Aint ∪ Eint ∪ wAint ∪ Oint 
The GDA’s interpretation process has three sub-processes. In the first sub-process, the 
sense data from the external world Wext is transformed into information that can be 
understood by the GDA such that: 
Aint = τ(Aext) 
 Eint = τ(Eext) 
 wAint = τ(wAext) 
 Oint_iS = τ(Oext_iS) 
In the second sub-process, for any object in the VW, the interpreted functions Oint_iF and 
interpreted behaviours Oint_iB are derived from the interpreted structures Oint_iS such that: 
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Oint_iB = τ(Oint_iS) 
 Oint_iF = τ(Oint_iB) 
In the third sub-process, the current design needs N in the VW and the current state sT of 
the VW are interpreted based on the information gained from the first two processes such 
that: 
N = τ(Wint) 
sT ϵ Wint 
 
Figure 5.12. The GDA’s interpretation process 
5.3.3. Hypothesising 
During the hypothesising process (see Fig. 5.13), the GDA sets up design goals in the 
expected world Wexp in order to eliminate mismatches between the current design needs N 
in the VW and the current state sT of the VW such that: 
Wint  Wexp 
Wexp = Aexp ∪ Eexp ∪ Oexp 
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It is optional for an object in the GDA’s expected world to have a counterpart in the 
interpreted world, since objects in VWs can be generated based either on existing structures 
or by new creations. 
 
The GDA is capable of hypothesising three different types of goals. The first type are goals 
that are related to designing objects in VWs, which are represented by expected functions 
OexpF and expected behaviours OexpB such that: 
OexpF = {Oexp_1F, Oexp_2F, …, Oexp_nF} 
OexpB = {Oexp_1B, Oexp_2B, …, Oexp_nB} 
for any expected function Oexp_iF and expected behaviour Oexp_iB such that: 
Oexp_iF ϵ τ(N, sT) 
Oexp_iB = τ(Oexp_iF) 
The second type of goals that the GDA is capable of hypothesising are those that are used 
for initiating changes of properties of avatars in the VW. The third type of goals that the 
GDG is capable of hypothesising are those that are used for initiating events in the VW such 
that: 
Aexp ϵ τA(N, sT) 
Eexp ϵ τE(N, sT) 
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Figure 5.13. The GDA’s hypothesising process 
5.3.4. Designing 
During the designing process, the GDA generates an object in order to satisfy a set of 
requirements or design goals. The object is represented by OexpS such that: 
OexpS = τ(OexpF, OexpB) 
The GDA’s generative capability enables objects to be generated dynamically as needed. 
The GDA’s design component is supported by the application of a GDG in order to generate 
the objects in the VW. 
5.3.5. Action 
During the action process (see Fig. 5.14), the GDA carries out action planning and action 
activation. In action planning, the GDA plans actions for generating the model of an object 
OexpS based on the GDG’s specification and for realising other initiated changes Aexp and 
Eexp in the VW. In action activation, the planned actions are activated in the VW by the GDA 
through the use of its effectors. 
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Figure 5.14. The GDA’s design and action processes 
The GDA model is a computational agent model that operates in a VW and has 
computational processes for reasoning, which can be used to automatically generate place-
based models of VW applications. GDAs are wrappers for GDGs that use sensors and 
effectors to dynamically generate objects in VWs. These objects may be a set of assets for 
modelling VW applications or they may be the VW application itself (including the objects 
that comprise it). A GDA is capable of reasoning about the condition of its environment and 
act based on condition-action rules, which it applies recursively until it meets its design 
goals. 
5.4. Summary 
This chapter presented the VWADM and its two components, the GDG framework and GDA 
model. Firstly, the chapter gave an overview of the composition of the VWADM. This was 
followed by a description of the GDG framework. Finally, the chapter also provided a 
description of the GDA model. 
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6. Implementation of the VWADM 
This chapter provides an overview of software called the Active Worlds (AW) agent 
package, which was developed to serve as a proof of concept for the VWADM. The chapter 
firstly discusses the technologies used for developing the AW agent package. It then 
continues on to describe the overall design of the AW agent package. Next, the chapter 
provides a description of the main components of the AW agent package. This is followed 
by a description of the architecture of the AW agent package and an explanation of its basic 
functionality. The chapter finishes with a brief discussion of two user guides that are 
provided for using the AW agent package to implement and extend the functionality of 
agents. 
6.1. Technologies used for the AW Agent Package 
The AW agent package is an implementation of the VWADM’s mechanism for designing 
VW applications. It uses Jess and Java sensors and effectors for coding agent reasoning 
as rules. In addition, it uses an SDK called the AW SDK, which agents rely on for 
communicating with Active Worlds servers. 
6.1.1. Jess 
Jess is a small, light and fast rule engine and scripting environment for developing Java 
software that has the capacity to reason using knowledge supplied in the form of declarative 
rules (Friedman-Hill, 2008). It is generally used for the automation of expert systems as well 
as to develop intelligent agent systems. 
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The Jess rule engine employs the Rete algorithm (a graph structure of rules that supports 
rapid processing via non-iterative evaluation)6 and it can be used to efficiently create Java 
applets and servlets and Enterprise JavaBeans. 
 
Jess’ scripting environment allows the use of either the Jess language, which is a highly 
specialised form of Lisp, or the Java programming language for coding rules. Jess enables 
the integration of both the Jess language and Java in such a way that Java functions can 
be accessed via the Jess language and vice versa. 
 
Jess is written in Java and requires a Java Virtual Machine (JVM) to function. As such, both 
the Jess language and Java are native programming languages for it. 
6.1.2. Java 
Java is a general-purpose computer programming language that is concurrent, class-based 
and object-oriented (Gosling, et al., 2015). It is used to develop portable software that can 
run securely on any platform that supports Java without the need for recompilation. 
 
As a result of its portability and security features, Java is well-suited for developing computer 
programs that operate in networked environments (Gosling & McGilton, 1996; Higuera-
Toledano, 2017). Since the agents that were implemented in this research communicate 
over a network with an Active Worlds server, Java provides the perfect companion for Jess, 
whose state could be packaged up at an origin, sent across a wire and reconstituted at the 
destination. 
 
 
                                                
 
 
6 See (Forgy, 1989) for a further discussion of the Rete algorithm and its use for solving the many 
pattern/many object pattern match problem. 
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6.1.3. AW SDK 
The AW SDK is a set of software development tools that provides an API for developing 
client applications, which can communicate with Active Worlds servers and function within 
the VWs generated by these servers (ActiveWorlds Inc., 2014). The core component of the 
AW SDK is the aw.dll file, which is a Microsoft Windows dynamic-link library (DLL) file that 
implements the Active Worlds client-server protocol. 
 
In order to develop an application using the AW SDK, a programmer simply writes a C 
program which includes the header file aw.h and links to the import library aw.lib. The 
compiled executable can be run on any computer from anywhere as long as that computer 
has a network connection to the Active Worlds servers and aw.dll is available on it. 
 
The AW SDK can be used to develop applications such as an automated program that 
explores and creates objects in VWs generated by Active Worlds servers. It can also be 
used to develop bots or non-playable characters (NPCs), which are typically avatars that 
are controlled by computer programs rather than humans (Schatten, et al., 2017). 
Administrators may also use the AW SDK to develop utilities for managing their VWs in 
Active Worlds. 
6.2. Overall Design of the AW Agent Package 
The AW agent package was designed to provide a flexible framework in which agents are 
the basis for all of the elements of a VW in Active Worlds. By using intelligent agent models, 
it becomes possible to dynamically generate such elements. The AW agent package is 
based on a set of abstract classes that form the generic architecture for constructing a multi-
agent system (MAS) of agents. A MAS is an aggregation of agents that share a common 
connection with a VW (Wooldridge, 2009). Fig. 6.1 shows an entity relationship diagram 
(ERD) that depicts the concept of a MAS and agents. 
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Figure 6.1. MAS and agents 
6.3. Main Components of the AW Agent Package 
Agents usually share some ontological connection such as a room agent plus a set of wall 
agents that collectively comprise a virtual conference room (Maher, et al., 2003; Maher, et 
al., 2003). In complement, the MAS manages computational resources such as the 
connection to the VW, on behalf of the agents. Each entity that is capable of reflexive, 
reactive or reflective behaviours is modelled as an agent. Such an agent inherits these three 
generic behaviours (including an optional 3D representation) and can dynamically change 
the 3D representation and generate non-visual behaviours. The procedure to assert an 
object into a VW in Active Worlds is to copy an existing object, move it to a desired location 
and edit a dialog box to specify its properties. The procedure to create an agent in the VW 
is to configure it as a set of sensors and a set of rules. An agent can be configured using 
an XML file that is loaded through the use of a validating parser, rather than being statically 
linked at compile time. This flexible method enables the reconfiguration of agents running 
in the VW without having to recompile and restart the server. Fig. 6.2 shows the components 
that comprise an agent (or a ReteAgent). 
Society Agent
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Figure 6.2. Components of an agent/ReteAgent 
6.4. Architecture of the AW Agent Package 
The VWADM’s AW agent package implements sensors as java objects that sense an 
agent’s environment. Effectors act on the environment. Both sensors and effectors use a 
Java Native Interface (JNI) to the AW SDK. An effector is a function call from the right-hand 
side of a rule. ReteAgent is an implementation of an agent that uses Jess for everything 
except sensors and effectors. Fig. 6.3 shows the architecture of ReteAgent. 
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* *
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Figure 6.3. Architecture of an agent/ReteAgent 
6.5. Basic Functionality of the AW Agent Package 
A MAS can contain one or more agents that are instances of ReteAgent. The creator of a 
ReteAgent configures the agent by specifying a set of sensors, whose data is stored in Jess’ 
working memory. Sensors also record messages from other agents that is stored in Jess’ 
working memory. Each time new sense data is received, a new fact in the form of a Java 
bean is asserted into Jess’ working memory. Fig. 6.4 shows an example of how a MAS 
communicates with the Active Worlds server. 
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Figure 6.4. MAS communication 
6.6. Guides for using the AW Agent Package to Implement and 
Extend the Functionality of Agents  
The AW agent package can be used to implement agents using Java sensors and effectors 
and the Jess language for coding their reasoning as rules in Jess. A basic user guide is 
provided that discusses the implementation of the sensors and effectors for such agents 
(see Appendix C). The sensors and effectors are class-based. Therefore, developers can 
write their own sensors and effectors by extending the classes in the vwadm.awa.base Java 
package. An advanced user guide is provided that discusses how to do so (see Appendix 
D). The advanced user guide also discusses how to extend the functionality of agents to 
enable them to communicate with each other as well as for them to be able to dynamically 
create other agents. Such functionality is important to a MAS because it enables agents to 
enlist the support of other agents to achieve goals, commit to the execution of actions and 
report on progress. 
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6.7. Summary 
This chapter provided an overview of the AW agent package. It firstly discussed the 
technologies used for developing the AW agent package. It then continued on to describe 
the overall design of the AW agent package. Next, the chapter provided a description of the 
main components of the AW agent package. This was followed by a description of the 
architecture of the AW agent package and an explanation of its basic functionality. Finally, 
the chapter briefly discussed two user guides that have been provided for using the AW 
agent package to implement and extend the functionality of agents. 
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7. Demonstration of the 
Functionality of the VWADM 
This chapter presents three case studies that are used to demonstrate the functionality of 
the VWADM. Together, the case studies show how a GDA (which wraps around and 
encapsulates GDGs) can be used to dynamically generate objects in a VW by interpreting 
and applying the design rules that pertain to GDGs. The chapter begins with a presentation 
of the first case study, which demonstrates the use of the VWADM to design an office 
application. Next, it presents the second case study, which demonstrates the use of the 
VWADM to design a living space application. This is followed by a presentation of the third 
case study, which demonstrates the use of the VWADM to design a student centre 
application. All three of the case studies are intended to show that the VWADM can be used 
to create place models of VW applications that are varied in complexity. The chapter finishes 
with a review of some extended features and capabilities of the VWADM in light of the case 
studies. 
7.1. Designing an Office Application 
For the purpose of designing the office application, the following symbols and their 
meanings (Table 7.1) will be used: 
Table 7.1. A summary of the symbols used in the office application and their meanings 
Symbol Meaning 
 An office 
 A meeting room to be added adjacent to the office 
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7.1.1. Layout Rules 
The first set of rules that the GDA applies are the GDG’s layout rules, which are used to 
create the layout of the office application. 
 
Fig. 7.1 shows that after the GDA applies the GDG’s layout rules, the RHO (i.e., the layout 
of the office with the meeting room added adjacent to it) will replace the LHO (i.e., the layout 
of the office) 
 
Figure 7.1. Layout rule for adding a meeting room adjacent to the office 
The state label sL = 1 shows that the GDA is in the process of applying the GDG’s first level 
of design rules and sL= mr1 is the design context, which indicates that the layout of a 
meeting room should be generated based on a certain specification mr1. The GDA matches 
state label sL = mr1 if it is the same as the current design goals, represented by the 
expected function OexpF and the expected behaviours OexpB. 
 
In order to match the state label sL = mr1 to the current design goals, the GDA firstly 
interprets that some persons Aint are indicating that they would require a meeting room and 
a layout of the meeting room does not yet exist Oint. Secondly, the GDA hypothesises the 
design goal OexpF = mr1 (i.e., the layout of a meeting room is needed). Lastly, the GDA 
selects a design rule to be applied only if the LHO of the rule is found and its state label 
matches the design goal. 
 
Applying the layout rule for adding the layout of a meeting room next to the layout of the 
office requires the following conditions to be met: 
 The layout of the office is recognised in the VW. 
1mr1
Rule 1
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 The design context (mr1) matches some current design requirements or needs that are 
supposed to be used by the GDA to model the office application. 
7.1.2. Object Rules 
The second set of rules that the GDA applies are the GDG’s object rules, which are used 
to configure the office application with various objects that form its visual boundaries. Such 
objects also provide visual cues for the types of activities that the office supports, people’s 
notion of the place as an office and their orientation around it. 
 
Fig. 7.2 shows that after the GDA applies the GDG’s object rules for the office, a visual 
boundary of it is generated. The same figure (Fig. 7.2) also shows that after the GDA applies 
the GDG’s object rules for the meeting room, a visual boundary of it is generated adjacent 
to the office. 
 
Figure 7.2. Object rules for configuring the visual boundary of the office application 
In Rule 1, the state label sL = 2 shows that the GDA is in the process of applying the GDG’s 
second level of design rules and sL= o1mP1 is the design context, which indicates that a 
certain matte paint should be applied to the interior walls of the office. The GDA matches 
Rule 1
Rule 2
2o1mP1
2mr1mP2
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state label sL = o1mP1 if it is the same as the current design goals, represented by the 
expected function OexpF and the expected behaviours OexpB. 
 
In order to match the state label sL = o1mP1 to the current design goals, the GDA firstly 
interprets that some persons Aint are indicating that they would require the interior walls of 
the office to have a certain matte paint colour and that this condition has not yet been met 
Oint. Secondly, the GDA hypothesises the design goal OexpF = o1mP1 (i.e., a certain matte 
paint colour scheme for the interior walls of the office is needed). Lastly, the GDA selects a 
design rule to be applied only if the LHO of the rule is found and its state label matches the 
design goal. 
 
Applying Rule 1 for generating a matte paint scheme for the interior walls of the office 
requires the following conditions to be met: 
 The visual boundary of the office is recognised in the VW. 
 The design context (o1mP1) matches some current design requirements or needs that 
are supposed to be used by the GDA to model the office application. 
 
In Rule 2, the state label sL = 2 shows that the GDA is in the process of applying the GDG’s 
second level of design rules and sL= mr1mP2 is the design context, which indicates that a 
certain matte paint should be applied to the interior walls of the meeting room. The GDA 
matches state label sL = mr1mP2 if it is the same as the current design goals, represented 
by the expected function OexpF and the expected behaviours OexpB. 
 
In order to match the state label sL = mr1mP2 to the current design goals, the GDA firstly 
interprets that some persons Aint are indicating that they would require the interior walls of 
the meeting room to have a certain matte paint colour and that this condition has not yet 
been met Oint. Secondly, the GDA hypothesises the design goal OexpF = o1mP1 (i.e., a 
certain matte paint colour scheme for the interior walls of the meeting room is needed). 
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Lastly, the GDA selects a design rule to be applied only if the LHO of the rule is found and 
its state label matches the design goal. 
 
Applying Rule 2 for generating a matte paint scheme for the interior walls of the meeting 
room requires the following conditions to be met: 
 The visual boundary of the meeting room is recognised in the VW. 
 The design context (mr1mP2) matches some current design requirements or needs that 
are supposed to be used by the GDA to model the office application. 
 
Fig. 7.3 shows that after the GDA applies the GDG’s object rules to the office, it is also 
configured with visual cues (i.e., chairs, tables, water coolers, etc.) for the types of activities 
that it supports, people’s notion of the place as an office and their orientation around it. The 
same figure (Fig. 7.3) also shows that after the GDA applies the GDG’s object rules to the 
meeting room, it is configured with visual cues (i.e., chairs, a large table in the form of an 
arc and a water cooler) for the types of activities that it supports, people’s notion of the place 
as a meeting room and their orientation around it. 
 
Figure 7.3. Object rules for configuring the office application with visual cues 
Rule 1
Rule 2
2o1F1
2mr1F2
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In Rule 1, the state label sL = 2 shows that the GDA is in the process of applying the GDG’s 
second level of design rules and sL= o1F1 is the design context, which indicates that a set 
of furniture should be generated in the office. The GDA matches state label sL = o1F1 if it 
is the same as the current design goals, represented by the expected function OexpF and the 
expected behaviours OexpB. 
 
In order to match the state label sL = o1F1 to the current design goals, the GDA firstly 
interprets that some persons Aint are indicating that they would require certain furniture in 
the office and that this condition has not yet been met Oint. Secondly, the GDA hypothesises 
the design goal OexpF = o1F1 (i.e., certain furniture in the office is needed). Lastly, the GDA 
selects a design rule to be applied only if the LHO of the rule is found and its state label 
matches the design goal. 
 
Applying Rule 1 for generating a set of furniture in the office requires the following conditions 
to be met: 
 The visual boundary of the office is recognised in the VW. 
 The design context (o1F1) matches some current design requirements or needs that 
are supposed to be used by the GDA to model the office application. 
 
In Rule 2, the state label sL = 2 shows that the GDA is in the process of applying the GDG’s 
second level of design rules and sL= mr1F2 is the design context, which indicates that a set 
of furniture should be generated in the meeting room. The GDA matches state label sL = 
mr1F2 if it is the same as the current design goals, represented by the expected function 
OexpF and the expected behaviours OexpB. 
 
In order to match the state label sL = mr1F2 to the current design goals, the GDA firstly 
interprets that some persons Aint are indicating that they would require certain furniture in 
the meeting room and that this condition has not yet been met Oint. Secondly, the GDA 
hypothesises the design goal OexpF = mr1F2 (i.e., certain furniture in the meeting room is 
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needed). Lastly, the GDA selects a design rule to be applied only if the LHO of the rule is 
found and its state label matches the design goal. 
 
Applying Rule 2 for generating a set of furniture in the meeting room requires the following 
conditions to be met: 
 The visual boundary of the meeting room is recognised in the VW. 
 The design context (mr1F2) matches some current design requirements or needs that 
are supposed to be used by the GDA to model the office application. 
7.1.3. Navigation Rules 
The third set of rules that the GDA applies are the navigation rules, which are used to 
configure the office application with wayfinding aids such as hyperlinks and teleportation 
devices. 
 
Given the close proximity of the spaces of the office, it is not necessary to implement 
wayfinding aids. However, Fig. 7.4 shows a possible navigation rule for teleportation 
between the office and the meeting room. 
 
Figure 7.4. Navigation rule that establishes teleportation in the office application 
After applying this navigation rule, the RHO (i.e., the model of the office with teleportation 
enabled between it and the meeting room) will replace the LHO (i.e., the model of the office 
without teleportation enabled between it and the meeting room). 
 
The state label sL = 3 shows that we are working in the third phase of the GDG’s design 
rules and sL = tP1a is the design context, which indicates that a teleportation device should 
be generated in order to allow movement between the office and the meeting room. 
 
3tP1a
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Applying the navigation rule that configures the office with wayfinding aids requires the 
following conditions to be met: 
 Visual boundaries of the office and the meeting room have been generated. 
 The office and the meeting room have been configured with all necessary visual cues. 
 The design context (tP1a) matches some current design requirements or needs that are 
supposed to be used by the GDA to model the office application. 
7.1.4. Interaction Rules 
The fourth set of rules that the GDA applies are interaction rules, which are used for 
designing algorithms, writing code and ascribing scripts to objects to enable users to be 
able to interact with the office application. The following are the IF…THEN… statements 
that could be used to implement teleportation in the office application. 
 
sL = 4 
IF: Visual boundaries of the office and the meeting room have been generated 
AND 
The office and the meeting room have been configured with all necessary visual cues 
THEN: render teleport devices in both the office and the meeting room 
AND 
Ascribe appropriate behaviour to teleport devices according to design requirements 
 
Fig. 7.5 shows the final design of the office application, which was creating using the rules 
(i.e., layout design rules, object design rules, navigation design rules and interaction design 
rules) that have been described in the preceding sections (i.e., Sections 7.1.1 to 7.1.4). 
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Figure 7.5. The final design of the office application 
7.2. Designing a Living Space Application 
For the purpose of designing the living space application, the following symbols and their 
meanings (Table 7.2) will be used: 
Table 7.2. A summary of the symbols used in the living space application and their meanings 
Symbol Meaning 
 A living room 
 A bedroom 
 A kitchen 
 A bathroom 
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7.2.1. Layout Rules 
The first set of rules that the GDA applies are the GDG’s layout rules, which are used to 
create the layout of the living space. 
 
Fig. 7.5 shows that after the GDA applies the GDG’s first set of layout rules, the RHO (i.e., 
the layout of the living room with the addition of a bedroom) will replace the LHO (i.e., the 
layout of the living room). The same figure (Fig. 7.5) shows that after the GDA applies the 
GDG’s second set of layout rules, the RHO (i.e., the layout of the living room with the 
bedroom and the addition of a kitchen) will replace the LHO (i.e., the layout of the living 
room with the addition of a bedroom). Finally, the figure (Fig. 7.5) shows that after the GDA 
applies the GDG’s third set of layout rules, the RHO (i.e., the layout of the living room with 
the bedroom and kitchen and the addition of a bathroom) will replace the LHO (i.e., the 
layout of the living room with the bedroom and addition of a kitchen). 
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Figure 7.6. Layout rules for the living space 
In Rule 1, the state label sL = 1 shows that the GDA is in the process of applying the GDG’s 
first level of design rules and sL= br1 is the design context, which indicates that the layout 
of a bedroom should be generated based on a certain specification br1. The GDA matches 
state label sL = br1 if it is the same as the current design goals, represented by the expected 
function OexpF and the expected behaviours OexpB. 
 
In order to match the state label sL = br1 to the current design goals, the GDA firstly 
interprets that some persons Aint require a bedroom and a layout of the bedroom does not 
yet exist Oint. Secondly, the GDA hypothesises the design goal OexpF = br1 (i.e., the layout 
1br1
Rule 1
1k1
Rule 2
1bth1
Rule 3
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of a bedroom is needed). Lastly, the GDA selects a design rule to be applied only if the LHO 
of the rule is found and its state label matches the design goal. 
 
Applying the layout rule for generating the layout of the bedroom requires the following 
conditions to be met: 
 The layout of the living room is recognised in the VW. 
 The design context (br1) matches some current design requirements or needs that are 
supposed to be used by the GDA to model the living space. 
 
In Rule 2, the state label sL = 1 shows that the GDA is in the process of applying the GDG’s 
first level of design rules and sL= k1 is the design context, which indicates that the layout 
of a kitchen should be generated based on a certain specification k1. The GDA matches 
state label sL = k1 if it is the same as the current design goals, represented by the expected 
function OexpF and the expected behaviours OexpB. 
 
In order to match the state label sL = k1 to the current design goals, the GDA firstly interprets 
that some persons Aint are indicating that they would require a kitchen and that a layout of 
the kitchen does not yet exist Oint. Secondly, the GDA hypothesises the design goal OexpF = 
k1 (i.e., the layout of a kitchen is needed). Lastly, the GDA selects a design rule to be 
applied only if the LHO of the rule is found and its state label matches the design goal. 
 
Applying the layout rule for generating the layout of the kitchen requires the following 
conditions to be met: 
 The layout of the living room is recognised in the VW. 
 The layout of the bedroom is recognised in the VW. 
 The design context (k1) matches some current design requirements or needs that are 
supposed to be used by the GDA to model the living space. 
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In Rule 3, the state label sL = 1 shows that the GDA is in the process of applying the GDG’s 
first level of design rules and sL= bth1 is the design context, which indicates that the layout 
of a bathroom should be generated based on a certain specification bth1. The GDA matches 
state label sL = bth1 if it is the same as the current design goals, represented by the 
expected function OexpF and the expected behaviours OexpB. 
 
In order to match the state label sL = bth1 to the current design goals, the GDA firstly 
interprets that some persons Aint require a bathroom and that a layout of the bathroom does 
not yet exist Oint. Secondly, the GDA hypothesises the design goal OexpF = bth1 (i.e., the 
layout of a bathroom is needed). Lastly, the GDA selects a design rule to be applied only if 
the LHO of the rule is found and its state label matches the design goal. 
 
Applying the layout rule for generating the layout of the bathroom requires the following 
conditions to be met: 
 The layout of the living room is recognised in the VW. 
 The layout of the bedroom is recognised in the VW. 
 The layout of the kitchen is recognised in the VW. 
 The design context (bth1) matches some current design requirements or needs that are 
supposed to be used by the GDA to model the living space. 
 
7.2.2. Object Rules 
The second set of rules that the GDA applies are the GDG’s object rules, which are used 
to configure the living space with various objects that form its visual boundaries. Such 
objects also provide visual cues for the types of activities that the living space supports, 
people’s notion of the place as a living space and their orientation around it. 
 
Fig. 7.6 shows that after the GDA applies the GDG’s object rules for the living room in the 
living space application, a visual boundary of it is generated. It (Fig. 7.6) also shows that 
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after the GDA applies the GDG’s object rules for the bedroom in the living space application, 
a visual boundary of it is generated. The same figure (Fig. 7.6) further shows that after the 
GDA applies the GDG’s object rules for the kitchen in the living space application, a visual 
boundary of it is generated. Finally, the figure (Fig. 7.6) shows that after the GDA applies 
the GDG’s object rules for the bathroom in the living space application, a visual boundary 
of it is generated. 
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Figure 7.7. Object rules for configuring the visual boundary of the living space 
In Rule 1, the state label sL = 2 shows that the GDA is in the process of applying the GDG’s 
second level of design rules and sL= lr1tS1 is the design context, which indicates that a 
certain texture scheme should be applied to the interior walls of the living room. The GDA 
Rule 1
Rule 2
Rule 3
Rule 4
2lr1tS1
2k1tS3
2br1tS2
2bth1tS4
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matches state label sL = lr1tS1 if it is the same as the current design goals, represented by 
the expected function OexpF and the expected behaviours OexpB. 
 
In order to match the state label sL = lr1tS1 to the current design goals, the GDA firstly 
interprets that some persons Aint require the interior walls of the office to have a certain 
texture and that this condition has not yet been met Oint. Secondly, the GDA hypothesises 
the design goal OexpF = lr1tS1 (i.e., a certain texture scheme for the interior walls of the living 
room is needed). Lastly, the GDA selects a design rule to be applied only if the LHO of the 
rule is found and its state label matches the design goal. 
 
Applying Rule 1 for generating a texture scheme for the interior walls of the living room 
requires the following conditions to be met: 
 The visual boundary of the living room is recognised in the VW. 
 The design context (lr1tS1) matches some current design requirements or needs that 
are supposed to be used by the GDA to model the living space. 
 
In Rule 2, the state label sL = 2 shows that the GDA is in the process of applying the GDG’s 
second level of design rules and sL= br1tS2 is the design context, which indicates that a 
certain texture scheme should be applied to the interior walls of the bedroom. The GDA 
matches state label sL = br1tS2 if it is the same as the current design goals, represented 
by the expected function OexpF and the expected behaviours OexpB. 
 
In order to match the state label sL = br1tS2 to the current design goals, the GDA firstly 
interprets that some persons Aint require the interior walls of the bedroom to have a certain 
texture and that this condition has not yet been met Oint. Secondly, the GDA hypothesises 
the design goal OexpF = br1tS2 (i.e., a certain texture scheme for the interior walls of the 
bedroom is needed). Lastly, the GDA selects a design rule to be applied only if the LHO of 
the rule is found and its state label matches the design goal. 
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Applying Rule 2 for generating a texture scheme for the interior walls of the bedroom 
requires the following conditions to be met: 
 The visual boundary of the living room is recognised in the VW. 
 The visual boundary of the bedroom is recognised in the VW. 
 The design context (br1tS2) matches some current design requirements or needs that 
are supposed to be used by the GDA to model the living space. 
 
In Rule 3, the state label sL = 2 shows that the GDA is in the process of applying the GDG’s 
second level of design rules and sL= k1tS3 is the design context, which indicates that a 
certain texture scheme should be applied to the interior walls of the kitchen. The GDA 
matches state label sL = k1tS3 if it is the same as the current design goals, represented by 
the expected function OexpF and the expected behaviours OexpB. 
 
In order to match the state label sL = k1tS3 to the current design goals, the GDA firstly 
interprets that some persons Aint are indicating that they would require the interior walls of 
the kitchen to have a certain texture and that this condition has not yet been met Oint. 
Secondly, the GDA hypothesises the design goal OexpF = k1tS3 (i.e., a certain texture 
scheme for the interior walls of the kitchen is needed). Lastly, the GDA selects a design rule 
to be applied only if the LHO of the rule is found and its state label matches the design goal. 
 
Applying Rule 3 for generating a texture scheme for the interior walls of the kitchen requires 
the following conditions to be met: 
 The visual boundary of the living room is recognised in the VW. 
 The visual boundary of the bedroom is recognised in the VW. 
 The visual boundary of the kitchen is recognised in the VW. 
 The design context (k1tS3) matches some current design requirements or needs that 
are supposed to be used by the GDA to model the living space. 
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In Rule 4, the state label sL = 2 shows that the GDA is in the process of applying the GDG’s 
second level of design rules and sL= bth1tS4 is the design context, which indicates that a 
certain texture should be applied to the interior walls of the bathroom. The GDA matches 
state label sL = bth1tS4 if it is the same as the current design goals, represented by the 
expected function OexpF and the expected behaviours OexpB. 
 
In order to match the state label sL = bth1tS4 to the current design goals, the GDA firstly 
interprets that some persons Aint require the interior walls of the bathroom to have a certain 
texture and that this condition has not yet been met Oint. Secondly, the GDA hypothesises 
the design goal OexpF = bth1tS4 (i.e., a certain texture scheme for the interior walls of the 
bathroom is needed). Lastly, the GDA selects a design rule to be applied only if the LHO of 
the rule is found and its state label matches the design goal. 
 
Applying Rule 4 for generating a texture scheme for the interior walls of the bathroom 
requires the following conditions to be met: 
 The visual boundary of the living room is recognised in the VW. 
 The visual boundary of the bedroom is recognised in the VW. 
 The visual boundary of the kitchen is recognised in the VW. 
 The visual boundary of the bathroom is recognised in the VW. 
 The design context (bth1tS4) matches some current design requirements or needs that 
are supposed to be used by the GDA to model the living space. 
 
Fig. 7.7 shows that after the GDA applies the GDG’s object rules for the living room, it is 
also configured with visual cues (i.e., a sofa, table, bookcase, etc.) for the types of activities 
that it supports, people’s notion of the place as a living room and their orientation around it. 
The same figure (Fig. 7.7) shows that after the GDA applies the GDG’s object rules for the 
bedroom, it is configured with visual cues (i.e., a bed, a bedside drawer, a set of nightlamps, 
etc.) for the types of activities that it supports, people’s notion of the place as a bedroom 
and their orientation around it. The figure (Fig. 7.7) further shows that after the GDA applies 
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the GDG’s object rules for the kitchen, it is configured with visual cues (i.e., a kitchen table, 
a sink, stove, etc.) for the types of activities that it supports, people’s notion of the place as 
a kitchen and their orientation around it. Finally, the figure (Fig. 7.7) shows that after the 
GDA applies the GDG’s object rules for the bathroom in the living space application, it is 
configured with visual cues (i.e., a bathtub, a mirror, towel dryer, etc.) for the types of 
activities that it supports, people’s notion of the place as a bathroom and their orientation 
around it. 
 
Figure 7.8. Object rules for configuring the living space with visual cues 
Rule 1
Rule 2
Rule 3
Rule 4
2lr1F1
2bth1F4
2k1F3
2br1F2
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In Rule 1, the state label sL = 2 shows that the GDA is in the process of applying the GDG’s 
second level of design rules and sL= lr1F1 is the design context, which indicates that a set 
of furniture should be generated in the living room. The GDA matches state label sL = lr1F1 
if it is the same as the current design goals, represented by the expected function OexpF and 
the expected behaviours OexpB. 
 
In order to match the state label sL = lr1F1 to the current design goals, the GDA firstly 
interprets that some persons Aint require a set of furniture in the living room and that this 
condition has not yet been met Oint. Secondly, the GDA hypothesises the design goal OexpF 
= lr1F1 (i.e., a set of furniture in the living room is needed). Lastly, the GDA selects a design 
rule to be applied only if the LHO of the rule is found and its state label matches the design 
goal. 
 
Applying Rule 1 for generating a set of furniture in the living room requires the following 
conditions to be met: 
 The visual boundary of the living room is recognised in the VW. 
 The design context (lr1F1) matches some current design requirements or needs that 
are supposed to be used by the GDA to model the living space. 
 
In Rule 2, the state label sL = 2 shows that the GDA is in the process of applying the GDG’s 
second level of design rules and sL= br1F2 is the design context, which indicates that a set 
of furniture should be generated in the bedroom. The GDA matches state label sL = br1F2 
if it is the same as the current design goals, represented by the expected function OexpF and 
the expected behaviours OexpB. 
 
In order to match the state label sL = br1F2 to the current design goals, the GDA firstly 
interprets that some persons Aint require a set of furniture in the bedroom and that this 
condition has not yet been met Oint. Secondly, the GDA hypothesises the design goal OexpF 
= br1F2 (i.e., a set of furniture in the bedroom is needed). Lastly, the GDA selects a design 
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rule to be applied only if the LHO of the rule is found and its state label matches the design 
goal. 
 
Applying Rule 2 for generating a set of furniture in bedroom requires the following conditions 
to be met: 
 The visual boundary of the living room is recognised in the VW. 
 The visual boundary of the bedroom is recognised in the VW. 
 The design context (br1F2) matches some current design requirements or needs that 
are supposed to be used by the GDA to model the living space. 
 
In Rule 3, the state label sL = 2 shows that the GDA is in the process of applying the GDG’s 
second level of design rules and sL= k1F3 is the design context, which indicates that a set 
of furniture should be generated on the kitchen. The GDA matches state label sL = k1F3 if 
it is the same as the current design goals, represented by the expected function OexpF and 
the expected behaviours OexpB. 
 
In order to match the state label sL = k1F3 to the current design goals, the GDA firstly 
interprets that some persons Aint require a set of furniture to be generated in the kitchen and 
that this condition has not yet been met Oint. Secondly, the GDA hypothesises the design 
goal OexpF = k1F3 (i.e., a set of furniture in the kitchen is needed). Lastly, the GDA selects 
a design rule to be applied only if the LHO of the rule is found and its state label matches 
the design goal. 
 
Applying Rule 3 for generating a set of furniture in the kitchen requires the following 
conditions to be met: 
 The visual boundary of the living room is recognised in the VW. 
 The visual boundary of the bedroom is recognised in the VW. 
 The visual boundary of the kitchen is recognised in the VW. 
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 The design context (k1F3) matches some current design requirements or needs that 
are supposed to be used by the GDA to model the living space. 
 
In Rule 4, the state label sL = 2 shows that the GDA is in the process of applying the GDG’s 
second level of design rules and sL= bth1F4 is the design context, which indicates that a 
set of furniture should be generated in the bathroom. The GDA matches state label sL = 
bth1F4 if it is the same as the current design goals, represented by the expected function 
OexpF and the expected behaviours OexpB. 
 
In order to match the state label sL = bth1F4 to the current design goals, the GDA firstly 
interprets that some persons Aint require a set of furniture in the bathroom and that this 
condition has not yet been met Oint. Secondly, the GDA hypothesises the design goal OexpF 
= bth1F4 (i.e., a set of furniture in the bathroom is needed). Lastly, the GDA selects a design 
rule to be applied only if the LHO of the rule is found and its state label matches the design 
goal. 
 
Applying Rule 4 for generating a set of furniture in the bathroom requires the following 
conditions to be met: 
 The visual boundary of the living room is recognised in the VW. 
 The visual boundary of the bedroom is recognised in the VW. 
 The visual boundary of the kitchen is recognised in the VW. 
 The visual boundary of the bathroom is recognised in the VW. 
 The design context (bth1F4) matches some current design requirements or needs that 
are supposed to be used by the GDA to model the living space. 
7.2.3. Navigation Rules 
The third set of rules that the GDA applies are the navigation rules, which are used to 
configure the living space with wayfinding aids such as hyperlinks and teleportation devices. 
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Similar to the previous example, the close proximity of the rooms in the living space makes 
it unnecessary to implement wayfinding aids. However, Fig. 7.8 shows a possible navigation 
rule for teleportation between all the rooms in the living space. 
 
Figure 7.9. Navigation rule that establishes teleportation in the living space 
After applying this navigation rule, the RHO (i.e., the model of the living space with 
teleportation enabled between all of its rooms) will replace the LHO (i.e., the model of the 
living space without teleportation enabled between any of its rooms). 
 
The state label sL = 3 shows that we are working in the third phase of the GDG’s design 
rules and sL = tP1b is the design context, which indicates that teleportation devices should 
be generated in order to allow movement between all of the rooms. 
 
Applying the navigation rule that configures the living space with way finding aids requires 
the following conditions to be met: 
 Visual boundaries of all the rooms (i.e., the living room, bedroom, kitchen and bathroom) 
have been generated. 
 The rooms (i.e., the living room, bedroom, kitchen and bathroom) have been configured 
with all necessary visual cues. 
 The design context (tP1b) matches some current design requirements or needs that are 
supposed to be used by the GDA to model the living space. 
7.2.4. Interaction Rules 
The fourth set of rules that the GDA applies are interaction rules, which are used for 
designing algorithms, writing code and ascribing scripts to objects to enable users to be 
3tP1b
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able to interact with the living space. The following are the IF…THEN… statements that 
could be used to implement teleportation in the living space application. 
 
sL = 4 
IF: Visual boundaries of all the rooms have been generated 
AND 
All the rooms have been configured with all necessary visual cues 
THEN: render teleport devices in all of the rooms 
AND 
Ascribe appropriate behaviour to teleport devices according to design requirements 
 
Fig. 7.10 shows the final design of the living space, which was creating using the rules (i.e., 
layout design rules, object design rules, navigation design rules and interaction design 
rules) that have been described in the preceding sections (i.e., Sections 7.2.1 to 7.2.4). 
 
Figure 7.10. The final design of the living space 
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7.3. Designing a Student Centre Application 
For the purpose of designing the student centre application, the following symbols and their 
meanings (Table 7.3) will be used: 
Table 7.3. A summary of the symbols used in the student centre application and their meanings 
Symbol Meaning 
 
The main floor of a library 
 
The top floor of the library (used as a quiet study space) 
 A set of stairs that lead into the library 
 A union shop 
 A postgraduate centre 
 
A restaurant 
 
7.3.1. Layout Rules 
The first set of rules that the GDA applies are the GDG’s layout rules, which are used to 
create the layout of the student centre. 
 
Fig. 7.9 shows five sets of layout rules that the GDA uses to create the layout of the student 
centre. After the application of the first set of layout rules, the RHO (i.e., the layout of the 
main and top floors of the library) will replace the LHO (i.e., the layout of the main floor of 
the library). After the application of the second set of layout rules, the RHO (i.e., the layout 
of the main and top floors of the library with stairs in the front) will replace the LHO (i.e., the 
layout of the main and top floors of the library). After the application of the third set of layout 
rules, the RHO (i.e., the layout of the library and union shop) will replace the LHO (i.e., the 
layout of the main and top floors of the library with stairs in the front). After the application 
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of the fourth set of layout rules, the RHO (the layout of the library, union shop and the 
postgraduate centre) will replace the LHO (the layout of the library and union shop). After 
the application of the fifth set of layout rules, the RHO (the layout of the library, union shop, 
postgraduate centre and restaurant) will replace the LHO (the layout of the library, union 
shop and the postgraduate centre). 
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Figure 7.11. Layout rules for the student centre 
Rule 1
Rule 2
Rule 3
Rule 4
1tf1
1shp1
1s1
1pgc1
Rule 5
1r1
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In Rule 1, the state label sL = 1 shows that the GDA is in the process of applying the GDG’s 
first level of design rules and sL= tf1 is the design context, which indicates that the layout 
of the top floor of the library should be generated based on a certain specification tf1. The 
GDA matches state label sL = tf1 if it is the same as the current design goals, represented 
by the expected function OexpF and the expected behaviours OexpB. 
 
In order to match the state label sL = tf1 to the current design goals, the GDA firstly interprets 
that some students Aint require a quiet study area and a layout of the top floor of the library 
does not yet exist Oint. Secondly, the GDA hypothesises the design goal OexpF = tf1 (i.e., the 
layout of the top floor of the library is needed). Lastly, the GDA selects a design rule to be 
applied only if the LHO of the rule is found and its state label matches the design goal. 
 
Applying the layout rule for generating the layout of the top floor of the library requires the 
following conditions to be met: 
 The layout of the main floor of the library is recognised in the VW. 
 The design context (tf1) matches some current design requirements or needs that are 
supposed to be used by the GDA to model the student centre. 
 
In Rule 2, the state label sL = 1 shows that the GDA is in the process of applying the GDG’s 
first level of design rules and sL= s1 is the design context, which indicates that the layout 
of some stairs should be generated based on a certain specification s1. The GDA matches 
state label sL = s1 if it is the same as the current design goals, represented by the expected 
function OexpF and the expected behaviours OexpB. 
 
In order to match the state label sL = s1 to the current design goals, the GDA firstly interprets 
that some persons Aint may wish to enter the library and the layout of stairs that lead into it 
does not yet exist Oint. Secondly, the GDA hypothesises the design goal OexpF = s1 (i.e., the 
layout of some stairs that lead into the library is needed). Lastly, the GDA selects a design 
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rule to be applied only if the LHO of the rule is found and its state label matches the design 
goal. 
 
Applying the layout rule for generating the layout of the stairs requires the following 
conditions to be met: 
 The layout of the main floor of the library is recognised in the VW. 
 The layout of the top floor of the library is recognised in the VW. 
 The design context (s1) matches some current design requirements or needs that are 
supposed to be used by the GDA to model the student centre. 
 
In Rule 3, the state label sL = 1 shows that the GDA is in the process of applying the GDG’s 
first level of design rules and sL= shp1 is the design context, which indicates that the layout 
of a shop should be generated based on a certain specification shp1. The GDA matches 
state label sL = shp1 if it is the same as the current design goals, represented by the 
expected function OexpF and the expected behaviours OexpB. 
 
In order to match the state label sL = shp1 to the current design goals, the GDA firstly 
interprets that some persons Aint would require a shop and a layout of the shop does not 
yet exist Oint. Secondly, the GDA hypothesises the design goal OexpF = shp1 (i.e., the layout 
of a shop is needed). Lastly, the GDA selects a design rule to be applied only if the LHO of 
the rule is found and its state label matches the design goal. 
 
Applying the layout rule for generating the layout of the shop requires the following 
conditions to be met: 
 The layout of the main floor of the library is recognised in the VW. 
 The layout of the top floor of the library is recognised in the VW. 
 The layout of the stairs that lead into the library is recognised in the VW. 
 The design context (shp1) matches some current design requirements or needs that 
are supposed to be used by the GDA to model the student centre. 
111 
 
In Rule 4, the state label sL = 1 shows that the GDA is in the process of applying the GDG’s 
first level of design rules and sL= pgc1 is the design context, which indicates that the layout 
of a postgraduate centre should be generated based on a certain specification pgc1. The 
GDA matches state label sL = pgc1 if it is the same as the current design goals, represented 
by the expected function OexpF and the expected behaviours OexpB. 
 
In order to match the state label sL = pgc1 to the current design goals, the GDA firstly 
interprets that some masters and PhD students Aint require a postgraduate centre and a 
layout of the postgraduate centre does not yet exist Oint. Secondly, the GDA hypothesises 
the design goal OexpF = pgc1 (i.e., the layout of a postgraduate centre is needed). Lastly, 
the GDA selects a design rule to be applied only if the LHO of the rule is found and its state 
label matches the design goal. 
 
Applying the layout rule for generating the layout of the postgraduate centre requires the 
following conditions to be met: 
 The layout of the main floor of the library is recognised in the VW. 
 The layout of the top floor of the library is recognised in the VW. 
 The layout of the stairs that lead into the library is recognised in the VW. 
 The layout of the union shop is recognised in the VW. 
 The design context (pgc1) matches some current design requirements or needs that 
are supposed to be used by the GDA to model the student centre. 
 
In Rule 5, the state label sL = 1 shows that the GDA is in the process of applying the GDG’s 
first level of design rules and sL= r1 is the design context, which indicates that the layout of 
a restaurant should be generated based on a certain specification r1. The GDA matches 
state label sL = r1 if it is the same as the current design goals, represented by the expected 
function OexpF and the expected behaviours OexpB. 
 
112 
In order to match the state label sL = r1 to the current design goals, the GDA firstly interprets 
that some persons Aint require a restaurant and a layout of the restaurant does not yet exist 
Oint. Secondly, the GDA hypothesises the design goal OexpF = r1 (i.e., the layout of a 
restaurant is needed). Lastly, the GDA selects a design rule to be applied only if the LHO 
of the rule is found and its state label matches the design goal. 
 
Applying the layout rule for generating the layout of the restaurant requires the following 
conditions to be met: 
 The layout of the main floor of the library is recognised in the VW. 
 The layout of the top floor of the library is recognised in the VW. 
 The layout of the stairs that lead into the library is recognised in the VW. 
 The layout of the union shop is recognised in the VW. 
 The layout of the postgraduate centre is recognised in the VW. 
 The design context (r1) matches some current design requirements or needs that are 
supposed to be used by the GDA to model the student centre. 
7.3.2. Object Rules 
The second set of rules that the GDA applies are the GDG’s object rules, which are used 
to configure the student centre with various objects that form its visual boundaries. Such 
objects also provide visual cues for the types of activities that the student centre supports, 
people’s notion of the place as a student centre and their orientation around it. 
 
Fig. 7.10 shows six sets of object rules that the GDA applies to create the visual boundaries 
(and visual cues) of the student centre. After the application of the first set of object rules, 
a visual boundary of the main floor of the library is generated. After the application of the 
second set of object rules, a visual boundary of the top floor of the library is generated. After 
the application of the third set of object rules, a visual boundary of the stairs that lead into 
the library is generated. After the application of the fourth set of object rules, a visual 
boundary of the union shop is generated. After the application of the fifth set of object rules, 
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a visual boundary of the postgraduate centre is generated. Finally, after the application of 
the sixth set of object rules, a visual boundary of the restaurant (and essentially the entire 
application) is generated. 
 
Figure 7.12. Object rules for configuring the visual boundaries of the student centre 
Rule 1
Rule 2
Rule 3
Rule 4
2mftS1
2shp1tS4
2s1tS3
2pgc1tS5Rule 5
Rule 6
2r1tS6
2tf1tS2
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In Rule 1, the state label sL = 2 shows that the GDA is in the process of applying the GDG’s 
second level of design rules and sL= mftS1 is the design context, which indicates that a 
certain texture scheme should be applied to the main floor of the library. The GDA matches 
state label sL = mftS1 if it is the same as the current design goals, represented by the 
expected function OexpF and the expected behaviours OexpB. 
 
In order to match the state label sL = mftS1 to the current design goals, the GDA firstly 
interprets that some persons Aint require the main floor of the library to have a certain texture 
and that this condition has not yet been met Oint. Secondly, the GDA hypothesises the 
design goal OexpF = mftS1 (i.e., a certain texture scheme for the main floor of the library is 
needed). Lastly, the GDA selects a design rule to be applied only if the LHO of the rule is 
found and its state label matches the design goal. 
 
Applying Rule 1 for generating a texture scheme for the main floor of the library requires 
the following conditions to be met: 
 The visual boundary of the main floor of the library is recognised in the VW. 
 The design context (mftS1) matches some current design requirements or needs that 
are supposed to be used by the GDA to model the student centre. 
 
In Rule 2, the state label sL = 2 shows that the GDA is in the process of applying the GDG’s 
second level of design rules and sL= tf1tS2 is the design context, which indicates that a 
certain texture scheme should be applied to the top floor of the library. The GDA matches 
state label sL = tf1tS2 if it is the same as the current design goals, represented by the 
expected function OexpF and the expected behaviours OexpB. 
 
In order to match the state label sL = tf1tS2 to the current design goals, the GDA firstly 
interprets that some persons Aint require the top floor of the library to have a certain texture 
and that this condition has not yet been met Oint. Secondly, the GDA hypothesises the 
design goal OexpF = tf1tS2 (i.e., a certain texture scheme for the top floor of the library is 
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needed). Lastly, the GDA selects a design rule to be applied only if the LHO of the rule is 
found and its state label matches the design goal. 
 
Applying Rule 2 for generating a texture scheme for the top floor of the library requires the 
following conditions to be met: 
 The visual boundary of the main floor of the library is recognised in the VW. 
 The visual boundary of the top floor of the library is recognised in the VW. 
 The design context (tf1tS2) matches some current design requirements or needs that 
are supposed to be used by the GDA to model the student centre. 
 
In Rule 3, the state label sL = 2 shows that the GDA is in the process of applying the GDG’s 
second level of design rules and sL= s1tS3 is the design context, which indicates that a 
certain texture scheme should be applied to the stairs that lead into the library. The GDA 
matches state label sL = s1tS3 if it is the same as the current design goals, represented by 
the expected function OexpF and the expected behaviours OexpB. 
 
In order to match the state label sL = s1tS3 to the current design goals, the GDA firstly 
interprets that some persons Aint require the stairs that lead into the library to have a certain 
texture and that this condition has not yet been met Oint. Secondly, the GDA hypothesises 
the design goal OexpF = s1tS3 (i.e., a certain texture scheme for the stairs that lead into the 
library is needed). Lastly, the GDA selects a design rule to be applied only if the LHO of the 
rule is found and its state label matches the design goal. 
 
Applying Rule 3 for generating a texture scheme for the stairs that lead into the library 
requires the following conditions to be met: 
 The visual boundary of the main floor of the library is recognised in the VW. 
 The visual boundary of the top floor of the library is recognised in the VW. 
 The visual boundary of the stairs that lead into the library is recognised in the VW. 
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 The design context (s1tS3) matches some current design requirements or needs that 
are supposed to be used by the GDA to model the student centre. 
 
In Rule 4, the state label sL = 2 shows that the GDA is in the process of applying the GDG’s 
second level of design rules and sL= shp1tS4 is the design context, which indicates that a 
certain texture should be applied to the union shop. The GDA matches state label sL = 
shp1tS4 if it is the same as the current design goals, represented by the expected function 
OexpF and the expected behaviours OexpB. 
 
In order to match the state label sL = shp1tS4 to the current design goals, the GDA firstly 
interprets that some persons Aint require the union shop to have a certain texture and that 
this condition has not yet been met Oint. Secondly, the GDA hypothesises the design goal 
OexpF = shp1tS4 (i.e., a certain texture scheme for the union shop is needed). Lastly, the 
GDA selects a design rule to be applied only if the LHO of the rule is found and its state 
label matches the design goal. 
 
Applying Rule 4 for generating a texture scheme for the union shop requires the following 
conditions to be met: 
 The visual boundary of the main floor of the library is recognised in the VW. 
 The visual boundary of the top floor of the library is recognised in the VW. 
 The visual boundary of the stairs that lead into the library is recognised in the VW. 
 The visual boundary of the union shop is recognised in the VW. 
 The design context (shp1tS4) matches some current design requirements or needs that 
are supposed to be used by the GDA to model the student centre. 
 
In Rule 5, the state label sL = 2 shows that the GDA is in the process of applying the GDG’s 
second level of design rules and sL= pgc1tS5 is the design context, which indicates that a 
certain texture should be applied to the postgraduate centre. The GDA matches state label 
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sL = pgc1tS5 if it is the same as the current design goals, represented by the expected 
function OexpF and the expected behaviours OexpB. 
 
In order to match the state label sL = pgc1tS5 to the current design goals, the GDA firstly 
interprets that some persons Aint require the postgraduate centre to have a certain texture 
and that this condition has not yet been met Oint. Secondly, the GDA hypothesises the 
design goal OexpF = pgc1tS5 (i.e., a certain texture scheme for the postgraduate centre is 
needed). Lastly, the GDA selects a design rule to be applied only if the LHO of the rule is 
found and its state label matches the design goal. 
 
Applying Rule 5 for generating a texture scheme for the postgraduate centre requires the 
following conditions to be met: 
 The visual boundary of the main floor of the library is recognised in the VW. 
 The visual boundary of the top floor of the library is recognised in the VW. 
 The visual boundary of the stairs that lead into the library is recognised in the VW. 
 The visual boundary of the union shop is recognised in the VW. 
 The visual boundary of the postgraduate centre is recognised in the VW. 
 The design context (pgc1tS5) matches some current design requirements or needs that 
are supposed to be used by the GDA to model the student centre. 
 
In Rule 6, the state label sL = 2 shows that the GDA is in the process of applying the GDG’s 
second level of design rules and sL= r1tS6 is the design context, which indicates that a 
certain texture should be applied to the restaurant. The GDA matches state label sL = r1tS6 
if it is the same as the current design goals, represented by the expected function OexpF and 
the expected behaviours OexpB. 
 
In order to match the state label sL = r1tS6 to the current design goals, the GDA firstly 
interprets that some persons Aint require the postgraduate centre to have a certain texture 
and that this condition has not yet been met Oint. Secondly, the GDA hypothesises the 
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design goal OexpF = r1tS6 (i.e., a certain texture scheme for the postgraduate centre is 
needed). Lastly, the GDA selects a design rule to be applied only if the LHO of the rule is 
found and its state label matches the design goal. 
 
Applying Rule 6 for generating a texture scheme for the postgraduate centre requires the 
following conditions to be met: 
 The visual boundary of the main floor of the library is recognised in the VW. 
 The visual boundary of the top floor of the library is recognised in the VW. 
 The visual boundary of the stairs that lead into the library is recognised in the VW. 
 The visual boundary of the union shop is recognised in the VW. 
 The visual boundary of the postgraduate centre is recognised in the VW. 
 The visual boundary of the restaurant is recognised in the VW. 
 The design context (r1tS6) matches some current design requirements or needs that 
are supposed to be used by the GDA to model the student centre. 
 
Fig 7.11 shows some objects that are part of the furniture that is used to provide visual cues 
for the restaurant in the student centre. 
 
Figure 7.13. A set of objects that are used to provide visual cues for the restaurant in the student centre 
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Fig. 7.12 shows that after the GDA applies the GDG’s object rules for the restaurant in the 
student centre, it is configured with visual cues (e.g., stools and tables) for the types of 
activities that it supports, people’s notion of the place as a restaurant and their orientation 
around it. 
 
Figure 7.14. Object rule for configuring the restaurant in the student centre with visual cues 
The state label sL = 2 shows that the GDA is in the process of applying the GDG’s second 
level of design rules and sL= r1F1 is the design context, which indicates that a set of 
furniture should be generated in the restaurant. The GDA matches state label sL = r1F1 if 
it is the same as the current design goals, represented by the expected function OexpF and 
the expected behaviours OexpB. 
 
In order to match the state label sL = r1F1 to the current design goals, the GDA firstly 
interprets that some persons Aint require a set of furniture in the restaurant and that this 
condition has not yet been met Oint. Secondly, the GDA hypothesises the design goal OexpF 
= r1F1 (i.e., a set of furniture in the restaurant is needed). Lastly, the GDA selects a design 
rule to be applied only if the LHO of the rule is found and its state label matches the design 
goal. 
 
Applying the object rule for generating a set of furniture in the restaurant of the student 
centre requires the following conditions to be met: 
 The visual boundary of the main floor of the library is recognised in the VW. 
 The visual boundary of the top floor of the library is recognised in the VW. 
 The visual boundary of the stairs that lead into the library is recognised in the VW. 
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 The visual boundary of the union shop is recognised in the VW. 
 The visual boundary of the postgraduate centre is recognised in the VW. 
 The visual boundary of the restaurant is recognised in the VW. 
 The design context (r1F1) matches some current design requirements or needs that are 
supposed to be used by the GDA to model the student centre. 
7.3.3. Navigation Rules 
The third set of rules that the GDA applies are the navigation rules, which are used to 
configure the student centre with wayfinding aids such as hyperlinks and teleportation 
devices. 
 
Fig. 7.13 shows a navigation rule that implements wayfinding aids for the student centre. 
 
Figure 7.15. Navigation rule that establishes a series of wayfinding aids for the student centre 
After applying this navigation rule, the RHO (i.e., the model of the student centre with 
elements of navigation enabled between all of its buildings and rooms) will replace the LHO 
(i.e., the model of the living space without any elements of navigation). 
 
The state label sL = 3 shows that the GDA is in the process of applying the GDG’s third 
level of design rules and sL = nav1a is the design context, which indicates that certain 
elements of navigation should be generated in order to allow movement (or make it easier 
to move) between all of the buildings and rooms in the student centre. 
 
3nav1a
a/bc/d
e/f/g/h
121 
Applying the navigation rule for enabling elements of navigation between the buildings and 
rooms of the student centre requires the following conditions to be met: 
 Visual boundaries of all the buildings and rooms have been generated. 
 The building and rooms have been configured with all necessary visual cues. 
 The design context (nav1a) matches some current design requirements or needs that 
are supposed to be used by the GDA to model the student centre. 
7.3.4. Interaction Rules 
The fourth set of rules that the GDA applies are interaction rules, which are used for 
designing algorithms, writing code and ascribing scripts to objects to enable users to be 
able to interact with the VW application. The following are the IF…THEN… statements that 
could be used to implement a greeter that offers a menu to people who visit the restaurant 
in the student centre application. 
 
sL = 4 
IF: The visual boundary of the restaurant has been generated 
AND 
IF: The restaurant has been configured with all necessary visual cues 
AND 
IF: A visitor is sensed in the restaurant 
AND 
The visitor has not been offered the current menu 
THEN: Greet the visitor 
AND 
Offer the visitor the current menu 
 
Fig. 7.16 shows the final design of the student centre, which was creating using the rules 
(i.e., layout design rules, object design rules, navigation design rules and interaction design 
rules) that have been described in the preceding sections (i.e., Sections 7.3.1 to 7.3.4). 
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Figure 7.16. The final design of the student centre 
7.4. Review of the Functionality of the VWADM 
The VWADM is a generative method. Therefore, the case studies focus on showing how 
GDAs can be used to dynamically generate VW applications by interpreting and applying 
the design rules that pertain to GDGs. However, there are a number of scenarios in which 
a specification or model may no longer be required. For example, a meeting room may no 
longer be needed after a meeting (i.e., it won’t be useful until the next time it is required). In 
such a case, it could be demolished in order to save disk space, memory and other 
computing resources. 
 
Based on this idea, the GDG framework accounts for two types of rules - additive and 
subtractive rules - that the GDA is capable of reading, interpreting and executing. Additive 
rules are used for generating specifications or models of VW applications. In complement, 
subtractive rules are used for changing or demolishing them. Fig. 7.14 shows an example 
of a subtractive layout rule to remove the meeting room from the office application. 
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Figure 7.17. Layout rule for removing the meeting room from the office application 
Similar to additive rules, subtractive rules can subsequently be applied to a VW application’s 
layout design, object design, navigation design and interaction design. 
 
Another point worth mentioning is that besides the number that indicates the level of the 
design phase (i.e., layout design = 1, object design = 2, navigation design = 3 and 
interaction design = 4), the naming of state labels is arbitrary and has no conventional rules. 
However, as per programming conventions it is useful to give them names that are indicative 
to some degree about their design context or the role they play in the design process. As 
such, it is up to the designer to define the meanings of state labels. In terms of their use by 
GDA’s, state labels can be coded as functions or states that a GDA can selectively read, 
interpret and execute. 
7.5. Summary 
This chapter presented three case studies that were used to demonstrate the functionality 
of the VWADM. In the first case study, the VWADM was used to design an office application. 
In the second case study, it was used to design a living space application. The VWADM 
was used in the third case study to design a student centre application. Finally, in light of 
the case studies, a brief review was given of some extended features and capabilities of 
the VWADM. 
 
 
1mr1-
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8. Evaluation of the VWADM 
This chapter discusses a user study that was conducted to evaluate the features and 
capabilities of the VWADM with respect to their significance for practical application in 
designing VW applications. As mentioned in the Aims and Objectives (Section 1.3), the 
VWADM is intended for use by developers to enable them to create place models of VW 
applications during the design process. Therefore, one aim of the study was to obtain their 
opinions about its fitness and utility for doing so. The chapter begins by providing an 
overview of the fitness-utility model, which was used to design the study and formulate the 
criteria (i.e., fitness and utility) for evaluation. Next, it provides a brief overview of the 
methods and instruments that were chosen for capturing the opinions of developers during 
the study. This is followed by a statement on the preparatory activities that were performed 
to recruit developers to participate in the study. The statement on the preparatory activities 
of the study is followed by discussions of some ethical considerations and the procedure 
that was used to conduct the study. These two sections are followed by information from 
the study, which include participant experience information, a report on the reliability of the 
questionnaire used in the study and the results of the study. The chapter finishes with a 
discussion of the results of the study. 
8.1. The Fitness-Utility Model 
The design of the study is based on the fitness-utility model (Gill & Hevner, 2011), which is 
an evaluation model for capturing the evolutionary nature of artefacts and the essential DSR 
nature of searching for a satisfactory solution across a design landscape. Current thinking 
in DSR defines the usefulness of an artefact as the primary research goal (Mustafa, et al., 
2014). However, the fitness-utility model proposes that evaluation needs to move from 
measures of usefulness alone to utility functions that incorporate the evolution and survival 
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of the artefact in its design landscape7. This view suggests usefulness as one out of several 
other (mostly fitness) characteristics for evaluating an artefact that include decomposability, 
malleability, openness, embedment in a design system, novelty, interestingness and 
elegance. Fig. 8.1 shows the fitness-utility model. 
 
Figure 8.1. The Fitness-Utility Model (Gill & Hevner, 2013) 
The characteristics of the fitness-utility model are defined as follows: 
 
Decomposability: is an artefact’s ability to evolve from decomposable (or nearly 
decomposable) subsystems. On one hand, if an artefact cannot be decomposed into an 
independent (or nearly independent) subsystem, its evolution would tend to be inflexible 
(Simon, 1962). On the other hand, if the artefact is built on separable components, then 
some of those components may exhibit high levels of fitness and evolve rapidly while the 
others may remain static or be discarded. 
 
                                                
 
 
7 The rationale for this is that together, fitness and utility provide a set of characteristics for evaluating 
an artefact that are related to its long-term value in its design landscape, as opposed to its immediate 
usefulness only. 
Utility
Fitness
Decomposability
Malleability
Openness
Embedment in a
Design System
Novelty
Interestingness
Elegance
Usefulness TooUseful?
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Malleability: is the degree to which an artefact can be adapted by its users and respond to 
changes in its environment (e.g., changes in its use or its market). 
 
Openness: is the degree to which an artefact is open to inspection, modification and reuse. 
This characteristic tends to encourage the evolution of an artefact by making it easy to see 
how an it is designed and to modify its components. 
 
Embedment in a design system: refers to the origin of the artefact (as per its evolution). 
It is expected that an artefact will evolve more rapidly if it is the product of an environment 
in which design is routinely practiced as opposed to one that is produced in a context where 
design is an unusual activity. 
 
Novelty: an artefact may be considered novel if it originates from an entirely new region of 
the design landscape. 
 
Interestingness: if the purpose for creating an artefact is to explore or demonstrate some 
specific purpose, then its interestingness is a demonstration of any emergent or unexpected 
behaviour that is worthy of subsequent investigation. 
 
Elegance: a crucial concern in design is form versus function - form is an aesthetic concern 
and function is a practical one. In DSR, elegance is a concept that corresponds to form. 
 
Usefulness: is the degree to which a person believes that the use of an artefact would 
enhance his or her job performance8. 
                                                
 
 
8 This definition of usefulness makes it a proxy for perceived usefulness as described in (Davis, 1989) 
Technology Acceptance Model (TAM). 
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8.2. Methods and Instruments 
A survey was used as the method for conducting the study. In particular, a questionnaire 
was developed and hosted online to collect data on the opinions of developers about the 
VWADM’s fitness and utility for designing VW applications (see Appendix E)9. The 
questionnaire was comprised of two sections, each of which contained two items. The items 
in the first section are a set of two instructions. The first instruction solicited the opinions of 
the participants of the study about the VWADM’s fitness for creating place models of VW 
applications during the design process. The second instruction solicited the opinions of the 
participants of the study about the VWADM’s utility for the same purpose. The items in the 
second section of the questionnaire are two questions whose purpose was for collecting 
some data about the experiences of the participants of the study in designing and 
developing content for VWs. Table 8.1 is a summary of the design of the questionnaire. 
Table 8.1. A summary of the design of the questionnaire 
 Item number Type Designation 
Section1 1 Instruction Scale 
2 Instruction Scale 
Section 2 3 Question Multiple answer (single choice) 
4 Question Multiple answer (multiple choice) 
 
Each of the items (numbered 1 to 4) on the questionnaire included sub-items. The sub-
items in the first section of the questionnaire are statements that represent the evaluation 
characteristics of the fitness-utility model and were to be rated on a five-point Likert scale 
by the participants of the study. The measures on the Likert scale are as follows: Strongly 
Disagree, Disagree, Neither Agree nor Disagree, Agree and Strongly Disagree. Table 8.2 
shows a summary of the evaluation statements. 
Table 8.2. A summary of the evaluation statements on the questionnaire 
Criteria Statements (Evaluation Characteristics) 
Fitness 
The VWADM is made up of components that may be considered independent 
(or nearly independent) from each other, but work together during the design 
process 
                                                
 
 
9 The questionnaire was validated using the literature that pertains to both the TAM (for the 
usefulness characteristic) and Fitness-Utility model. 
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The VWADM is AT LEAST ONE of the following: (1) adaptable, (2) extensible 
or (3) customisable 
The VWADM is AT LEAST ONE of the following: (1) open to inspection (2) open 
to modification or (3) open to reuse 
The VWADM originates from (or is inspired by) a field or environment in which 
design (i.e., software or non-software design) is routinely practiced 
The VWADM originates from (or is inspired by) a field that is different from 
software engineering 
The VWADM is interesting 
AT LEAST ONE of the following can be said about the VWADM: (1) it is 
compact, (2) it is simple, (2) its use is transparent, (3) its behaviour is 
transparent or (5) it has clarity of representation 
Utility 
Using the VWADM would enable developers to create place models of these 
applications more quickly during design 
Using the VWADM would improve the performance of developers in creating 
place models of these applications during design 
Using the VWADM would increase the productivity of developers when creating 
place models of these applications during design 
Using the VWADM would enhance the effectiveness of developers in creating 
place models of these applications during design 
Using the VWADM would make it easier for developers to create place models 
of these applications during design 
Developers would find the VWADM useful for creating place models of VW 
applications during design 
 
The first set of sub-items in the second section of the questionnaire are multiple answers 
(allowing a single choice only) that were expected to give some insight into the number of 
years of experience that participants of the study have in designing and developing content 
for VWs. The second set of sub-items in the second section of the questionnaire are multiple 
answers (allowing multiple choices) that were expected to provide some information about 
the VW platforms that participants of the study are experienced in using to design and 
develop content for VWs. Table 8.3 shows a summary of the evaluation answers. 
Table 8.3. A summary of the evaluation answers on the questionnaire 
Experience 
Years VW Platforms 
Less than 1 year 
1 year or more, but less than 5 years 
5 years or more, but less than 10 years 
10 years or more, but less than 15 years 
15 years or more 
Active Worlds 
Second Life 
Open Simulator 
High Fidelity 
Meshmoon 
Sansar 
Other (Not Listed) 
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8.3. Preparation 
In order to recruit developers to participate in the study, a series of discussions about the 
study (and the research) were held with members of technical groups in Second Life and 
Sansar and in online forums (SL Universe and Sansar’s community on Discord) that are 
related to these platforms. A total of 50 developers were informed about the plans for the 
study and given a set of links to some files associated with it10. The files included the 
following: 
 A participant information sheet 
 A participant consent form 
 The instructions for the study 
 A summary of the features and capabilities of the VWADM 
 The basic user guide for the VWADM’s AW agent package 
 The advanced user guide for the VWADM’s AW agent package 
 The source code for the VWADM 
 The questionnaire for the study 
 
The developers were instructed to read the participant information sheet and return the 
signed consent form prior to participating in the study. After this, to begin the study, they 
were required to read and follow the instructions for it. The general set of instructions to the 
participants of the study was for them to provide their opinions (by completing the 
questionnaire) about the VWADM’s fitness and utility for creating place models of VW 
applications based on the following aspects: (1) discussions held with them about the goals 
of the research (2) a review of the features and capabilities of the VWADM, (3) a review of 
                                                
 
 
10 It is quite difficult to conduct a survey and get responses from the entire population of interest 
(Nulty, 2008). Therefore, a non-probability convenience sampling technique was used to shortlist the 
50 developers who were solicited to participate in the study. 
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its user guides and (4) analysis of its source code. The instruction sheet contained links to 
all the files that were to be reviewed during the study. 
8.4. Ethical Considerations 
The study was designed and conducted in accordance with Anglia Ruskin’s general policy 
on the ethical conduct of research11. In particular, it adhered to requirements to respect the 
autonomy, rights and welfare of participants and minimise risk to them. The personal data 
that was collected for the study was minimal and cannot be used to personally identify any 
individual. Moreover, all the files used in the study were stored on an online repository 
provided by Anglia Ruskin. The only exceptions to this are the questionnaire and the data 
that it was used to collect, which were stored on the Joint Information Systems Committee’s 
(JISC) Online Surveys platform12. 
8.5. Procedure 
The developers were given one week to read the participant information sheet and return 
the signed consent form, which indicated their agreement to take part in the study. In 
addition, they were given two weeks to complete and submit the questionnaire. Out of the 
50 developers who were solicited to participate in the study, 13 completed and submitted a 
questionnaire for a 26% response rate. 
 
All of the data that had been collected during the study was collated on the JISC Online 
Surveys platform and checked for its integrity (e.g., missing values or that the 
questionnaires had been completed as expected). Afterwards, the data was exported to the 
Statistical Package for the Social Sciences (SPSS) for analysis. 
                                                
 
 
11 The research was approved by Anglia Ruskin’s departmental (Computing and Technology) and 
faculty-level (Science and Technology) Research Ethics Panels for stage 1 and 2 types of research 
(i.e., covering up to risk category 3). 
12 The JISC Online Surveys platform is Anglia Ruskin’s recommended platform for hosting online 
surveys. 
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8.6. Participant Experience Information 
As mentioned earlier, some data was collected about the experiences of the participants of 
the study in designing and developing content for VWs. In particular, data was collected 
about the number of years of experience that the participants of the study have in designing 
and developing content for VWs. In addition, data was collected about the VW platforms 
that they are experienced in using to design and develop content for VWs. Table 8.4 shows 
a summary of the participant experience information. 
Table 8.4. A summary of the participant experience information from the study 
Experience characteristics Frequency Percentage 
Experience 
(years) 
Less than 1 year 0 0.0 
1 year or more, but less than 5 years 0 0.0 
5 years or more, but less than 10 years 5 38.5 
10 years or more, but less than 15 years 5 38.5 
15 years or more 3 23.1 
Experience 
(VW platforms) 
Active Worlds 6 46.2 
Second Life 13 100 
Open Simulator 7 53.8 
High Fidelity 5 38.5 
Meshmoon 4 30.8 
Sansar 13 100 
Other VW platform(s) 7 53.8 
 
All the participants of the study have at least 5 years of experience designing and 
developing content for VWs. Out of all of them, only 3 have been designing and developing 
content for VWs for 15 years or more. Given that the participants of the study were recruited 
through Second Life and Sansar, the results are as expected, since neither platform is older 
than 15 years. However, it is common for developers to have experience in designing and 
developing content for a number of different VW platforms. As such, given that Active 
Worlds is 23 years old, it is also not surprising for some of the participants of the study to 
have reported having at least 15 years (or more) of experience in designing and developing 
content for VWs. The technical groups through which the participants were solicited are 
expert groups. Therefore, another result that was not surprising is that none of the 
participants reported having less than 5 years of experience in designing and developing 
content for VWs. 
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All of the participants of the study have experience in designing and developing content for 
Second Life and Sansar. Once again, this result is expected given that these were the same 
platforms through which recruitment of the developers was organised. Furthermore, given 
its popularity, it would be expected that a high number of the participants have experience 
in designing and developing content for Second Life. Sansar is one of the newest VW 
platforms. However, according to the results, all of the participants of the study have 
experience in designing and developing content for it. This is in contrast to the other older 
VW platforms, for which they generally have less experience in designing and developing 
content. An explanation for this is that, for many developers, Sansar represents a natural 
progression from Second Life. Sansar is new. However, it has already become popular for 
designing and developing content because it is a next-generation VW platform. Sansar’s 
popularity among developers may also be helped by the fact that it was developed by Linden 
Lab, the makers of Second Life. Open Simulator follows after Second Life and Sansar as 
the platform for which most of the participants in the study have experience in designing 
and developing content. It is true that this platform has been the open source alternative to 
Second Life for many years now (White, 2008). The VW platform for which the participants 
of the study have the least experience in designing and developing content is Meshmoon. 
Like Sansar, Meshmoon is new and has been slowly trying to establish itself in the domain 
of VWs. 
8.7. Reliability Measures 
Prior to analysing the data that had been collected during the study, it was necessary to 
determine the reliability of the questionnaire that had been used to collect it. In particular, 
Cronbach’s alpha13 was used to measure the closeness of the statements in each of the 
                                                
 
 
13 Cronbach’s alpha is a statistical function for measuring the internal consistency of an instrument  
(Heo, et al., 2015). 
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sets of statements that are related to fitness and utility. Table 8.5 shows a summary of the 
reliability of the questionnaire. 
Table 8.5. Reliability of the questionnaire (Cronbach’s alpha) 
Criteria Characteristics Alpha 
Fitness 7 0.823 
Utility 6 0.934 
Fitness-Utility 13 0.926 
 
As shown in Table 8.5, the alpha for the fitness criteria is 0.823, which suggests that its 
items (i.e., the group of statements that are related to fitness on the questionnaire) have a 
high level of internal consistency14. Similarly, the internal consistency for the utility criteria 
is high at 0.934. Based on the consistency scores for fitness and utility, it was expected for 
fitness-utility to have a relatively high score, which is the case at 0.926. 
8.8. Results 
In SPSS, the data from the study was organised into variables that represent the fitness-
utility statements on the survey questionnaire. Each variable contained all the answers (i.e., 
ratings) that were given by participants of the study for the fitness-utility statement that 
relates to it (see Appendix F). Since the answers are ordinal type data, they were coded as 
follows: 1 - Strongly Disagree, 2 - Disagree, 3 - Neither Agree nor Disagree, 4 - Agree and 
5 - Strongly Agree. 
 
The first step in analysing the data in SPSS was to determine the frequencies of the 
responses to each of the fitness-utility statements15, the result of which are as follows: 
 
The VWADM is made up of components that may be considered independent (or 
nearly independent) from each other, but work together during the design process. 
                                                
 
 
14 An alpha of 0.70 is generally considered acceptable (Tavakol & Dennick, 2011). 
15 This approach was used because it helps to determine the most frequent responses for each of 
the fitness-utility statements. 
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None of the participants of the study disagreed with the decomposability of the VWADM. Of 
the 13 participants, 8 of them agreed with its decomposability and 5 strongly agreed with it. 
Fig. 8.2 shows a summary of these results. 
 Figure 8.2. A summary of the opinions of participants of the study about the VWADM’s decomposability 
The VWADM is AT LEAST ONE of the following: (1) adaptable, (2) extensible or (3) 
customisable. 
 
None of the participants of the study disagreed with the malleability of the VWADM. Of the 
13 participants, 9 of them agreed with its malleability and 4 strongly agreed with it. Fig. 8.3 
shows a summary of these results. 
135 
 Figure 8.3. A summary of the opinions of participants of the study about the VWADM’s malleability 
The VWADM is AT LEAST ONE of the following: (1) open to inspection (2) open to 
modification or (3) open to reuse. 
 
None of the participants of the study disagreed with the openness of the VWADM. Of the 
13 participants, 9 of them agreed with its openness and 4 strongly agreed with it. Fig. 8.4 
shows a summary of these results. 
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 Figure 8.4. A summary of the opinions of participants of the study about the VWADM’s openness 
The VWADM originates from (or is inspired by) a field or environment in which design 
(i.e., software or non-software design) is routinely practiced. 
 
Out of the 13 participants of the study, 7 of them agreed with the premise that the VWADM 
is embedded in a system where design is routinely practiced and 4 strongly agreed with it. 
Regarding the same premise, 1 of the participants disagreed with it and 1 was neutral about 
it. Fig. 8.5 shows a summary of these results. 
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 Figure 8.5. A summary of the opinions of participants of the study about the VWADM’s embedment in a design 
system 
The VWADM originates from (or is inspired by) a field that is different from software 
engineering. 
 
Out of the 13 participants of the study, 8 of them agreed with the novelty of the VWADM 
and 3 strongly agreed with it. Regarding the same characteristic, 1 of the participants 
disagreed with it and 1 was neutral about it. Fig. 8.6 shows a summary of these results. 
138 
 Figure 8.6. A summary of the opinions of participants of the study about the VWADM’s novelty 
The VWADM is interesting. 
 
Out of the 13 participants of the study, 7 of them agreed with the novelty of the VWADM 
and 5 strongly agreed with it. Regarding the same characteristic, 1 of the participants was 
neutral about it. Fig. 8.7 shows a summary of these results. 
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 Figure 8.7. A summary of the opinions of participants of the study about the VWADM’s interestingness 
AT LEAST ONE of the following can be said about the VWADM: (1) it is compact, (2) 
it is simple, (2) its use is transparent, (3) its behaviour is transparent or (5) it has 
clarity of representation. 
 
Out of the 13 participants of the study, 10 of them agreed with the elegance of the VWADM 
and 2 strongly agreed with it. Regarding the same characteristic, 1 of the participants 
disagreed about it. Fig. 8.8 shows a summary of these results. 
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 Figure 8.8. A summary of the opinions of participants of the study about the VWADM’s elegance 
Using the VWADM would enable developers to create place models of these 
applications more quickly during design. 
 
Out of the 13 participants of the study, 3 of them agreed that the use of the VWADM would 
enable developers to create place models more quickly during the design process and 4 
strongly agreed with this premise. Regarding the same premise, 6 of the participants were 
neutral about it. Fig. 8.9 shows a summary of these results. 
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 Figure 8.9. A summary of the opinions of the participants of the study about the VWADM’s perceived 
usefulness in enabling developers to create place models more quickly during the design process 
Using the VWADM would improve the performance of developers in creating place 
models of these applications during design. 
 
Out of the 13 participants of the study, 2 of them agreed that the use of the VWADM would 
improve the performance of developers in creating place models of VW applications more 
quickly during the design process and 2 strongly agreed with this premise. Regarding the 
same premise, 3 of the participants were neutral about it and 6 disagreed with it. Fig. 8.10 
shows a summary of these results. 
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 Figure 8.10. A summary of the opinions of the participants of the study about the VWADM’s perceived 
usefulness for improving the performance of developers during the design process 
Using the VWADM would increase the productivity of developers when creating place 
models of these applications during design. 
 
Out of the 13 participants of the study, 1 of them agreed that the use of the VWADM would 
increase the productivity of developers during the design process and 3 strongly agreed 
with this premise. Regarding the same premise, 2 of the participants disagreed with it, 1 
strongly disagreed with it and 6 were neutral about it. Fig. 8.11 shows a summary of these 
results. 
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 Figure 8.11. A summary of the opinions of the participants of the study about the VWADM’s perceived 
usefulness for increasing the productivity of developers during the design process 
Using the VWADM would enhance the effectiveness of developers in creating place 
models of these applications during design. 
 
Out of the 13 participants of the study, 8 of them agreed that the use of the VWADM would 
increase the productivity of developers during the design process and 1 strongly agreed 
with this premise. Regarding the same premise, only 1 of the participants disagreed with it 
and 3 were neutral about it. Fig. 8.12 shows a summary of these results. 
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 Figure 8.12. A summary of the opinions of the participants of the study about the VWADM’s perceived 
usefulness for enhancing the effectiveness of developers during the design process 
Using the VWADM would make it easier for developers to create place models of 
these applications during design. 
 
Out of the 13 participants of the study, 3 of them agreed that the use of the VWADM would 
increase the productivity of developers during the design process and 6 strongly agreed 
with this premise. Regarding the same premise, 4 of the participants were neutral about it. 
Fig. 8.13 shows a summary of these results. 
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 Figure 8.13. A summary of the opinions of the participants of the study about the VWADM’s perceived 
usefulness for facilitating easier creation of place models 
Developers would find the VWADM useful for creating place models of VW 
applications during design. 
 
Out of the 13 participants of the study, 5 of them agreed that the VWADM would be useful 
(to developers) for creating place models of VW applications during the design process and 
4 strongly agreed with this premise. Regarding the same premise, 4 were neutral about it. 
Fig. 8.14 shows a summary of these results. 
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 Figure 8.14. A summary of the opinions of the participants of the study about the VWADM’s perceived 
usefulness to developers 
The next step in analysing the data was to use the frequencies of the responses to the 
fitness-utility statements to determine a weighting for the fitness and utility criteria. In order 
to do so, two composite variables were created in SPSS to each hold a set of fitness and 
utility-related responses (resulting in one variable that measures fitness and another that 
measures utility). The median was taken for each variable16, the results of which are shown 
in Table 8.6 as follows: 
Table 8.6. A summary of the results for fitness and utility 
Criteria Median n Valid Missing 
Fitness 4.00 13 0 
Utility 3.50 13 0 
                                                
 
 
16 This approach was used to determine the central tendency of the data. The median is used to 
statistically adjust for extreme answers (i.e., Strongly Disagree and Strongly Agree) and neutral 
answers (i.e., Neither Agree nor Disagree). By using the median, it becomes possible to deduce 
weightings for the fitness and utility of the VWADM. 
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The final step in analysing the data was to use the weightings of the fitness and utility criteria 
to determine a fitness-utility score. In order to do so, a composite variable was created in 
SPSS using the variables for fitness and utility. A one sample T test was performed on the 
fitness-utility variable17, the result of which is shown in Table 8.7 as follows: 
Table 8.7. A summary of the results for Fitness-Utility 
Criteria Mean Std. Deviation Std. Error Mean 
Fitness-Utility 4.00 0.595 0.165 
8.9. Discussion 
The user study was conducted in order to evaluate the features and capabilities of the 
VWADM with respect to their significance for practical application in designing VW 
applications. The results suggest that the VWADM can provide a significant contribution to 
automating the process of VW design from the point of view of place-oriented design. 
 
The developers who participated in the study agreed on the VWADM’s fitness (answer 
median = 4.00 out of the range of 1.00 to 5.00) for creating place models of VW applications 
during the design process and somewhat agreed on its utility (answer median = 3.50 out of 
the range of 1.00 to 5.00) for the same purpose. The VWADM’s low utility score was 
positively impacted by its high fitness score as indicated by the result of the t test (i.e., 
fitness-utility mean = 4.00 out of the range of 1.00 to 5.00)18. These results suggest that the 
features and capabilities of the VWADM are significant for practical application in designing 
VW applications. 
 
                                                
 
 
17 By using this approach, comparisons can be made between the mean for fitness-utility in this study 
and another known or hypothesised value of mean in similar studies. 
18 The influence of fitness on utility is also supported in the literature that pertains to fitness-utility 
(Sterelny, 2012) 
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The statistical significance of the sample size of the participants of the study is ensured by 
a number of aspects. Firstly, similar studies such as those conducted by (Ruddle & Peruch, 
2004; Vanacken, et al., 2007) used sample sizes of a dozen or less. In contrast, this study 
used a sample size that is slightly larger (i.e., n = 13). Secondly, the population of 
developers who are involved in content creation for VWs is a closed group, which makes 
requirements for the sample size much smaller than other general studies in SE. Thirdly, 
the data that was collected suggests that there is 90% confidence that the population mean 
(μ) for fitness-utility will fall between 3.06 and 4.94 (out of a range of 1.00 to 5.00)19. Finally, 
based on the high levels of experience of the participants of the study, it is possible that 
members of the population who have the same level of experience will share similar 
opinions about the VWADM’s fitness and utility for creating place models of VW applications 
during the design process. 
8.10. Summary 
This chapter discussed a user study that was conducted to evaluate the features and 
capabilities of the VWADM with respect to their significance for practical application in 
designing VW applications. The chapter began by providing an overview of the fitness-utility 
model, which was used to design the study and formulate the criteria for evaluation. Next, 
it provided an overview of the methods and instruments that were chosen for capturing the 
opinions of developers during the study. This was followed by a statement on the 
preparatory activities that were performed to recruit developers to participate in the study. 
The statement on the preparatory activities of the study was followed by discussions of 
some ethical considerations and the procedure that was used to conduct the study. These 
two sections were followed by information from the study, which includes participant 
                                                
 
 
19 The confidence interval was calculated using the sample mean (i.e., fitness-utility mean = 4.00), 
sample size (i.e., n = 13) and standard deviation (i.e., s = 2.05) and the confidence level of 90%. 
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experience information, a report on the reliability of the questionnaire used in the study and 
the results of the study. Finally, the results of the study were discussed. 
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9. Conclusion 
This chapter summarises the thesis and evaluates the work in context of the research 
hypothesis. Some of the limitations of the research are reviewed, as are some of the 
benefits of the VWADM for developers. Thoughts on future related work are also presented. 
9.1. Summary of the Thesis 
This thesis presented the VWADM, which is a new method that was developed for designing 
VW applications. The VWADM combines a GDG framework and a GDA model to form the 
template of a mechanism that can be used for developing GDGs and GDAs. GDGs can be 
used as tools for capturing and storing spatial data about VW applications and using it to 
generate place-oriented conceptual models of these applications. In a complementary 
fashion, GDAs wrap around GDGs, encapsulating them and providing the means to 
dynamically generate physical models of VW applications. 
 
The research developed the VWADM using techniques from architecture and applied it as 
a novel solution in SE to the problem of designing VW applications. The VWADM provides 
support for the place-oriented viewpoint and can be used by developers for modelling VW 
applications during design. As such, the research makes the following contributions to 
knowledge: 
 It establishes a set of modelling concepts that use grammar and rules as the basis for 
capturing the semantics of the conceptual models of VW applications. 
 It establishes a set of visual notations, which include basic shapes and symbols that 
can be used to present the conceptual models of VW applications to stakeholders for 
them to manually review. 
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 It establishes an intelligent component that is used for automatically generating physical 
models of VW applications. 
 It establishes a stepwise process, which involves layout design, object design, 
navigation design and interaction design and acts as a guide for the process of creating 
the conceptual and physical models of VW applications. 
9.2. Review of the Research Hypothesis 
The research shows that the VWADM has the functionality for creating place-oriented 
conceptual and physical models of VW applications and is of use to developers for 
designing these types of applications. This supports hypothesis H1, which states that a 
method can be developed, which has the functionality for creating place-oriented 
conceptual and physical models of VW applications and be of use to developers for 
designing these types of applications. In particular, the case studies in Chapter 7 show 
that the VWADM has the functionality for creating place-oriented conceptual and physical 
models of VW applications. This supports the sub-hypothesis H1a, which states that a 
method can be developed, which has the functionality for creating place-oriented 
conceptual and physical models of VW applications. Furthermore, the results of the 
evaluation (Chapter 8) show that the VWADM is useful to developers and therefore supports 
the sub-hypothesis H1b, which states that a method can be developed, which is useful 
to developers for creating place-oriented conceptual and physical models of VW 
applications during design. 
9.3. Limitations of the Research 
The VWADM was developed to provide support for the place-oriented viewpoint that 
pertains to VW applications. However, there are many other viewpoints that pertain to these 
applications (e.g., process-oriented viewpoint, social network-oriented viewpoint, API-
oriented viewpoint or UI-oriented viewpoint) and there is the potential for new ones to 
emerge. Therefore, more methods (and certainly a diverse range of them) are required for 
designing VW applications in terms of other viewpoints. To this end, the VWADM is not 
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intended to compete with, replace or improve on the performance of existing methods in SE 
that are used for designing VW applications. Instead, the intention is for it to complement 
them (as well as any other methods that may be developed in the future) and to contribute 
to widening the range of viewpoints that are supported in the design process for VW 
applications. 
 
With regards to the study that was conducted as part of the evaluation of the VWADM, it 
could be improved in a few ways. Firstly, the opinions of developers about the fitness-utility 
characteristics would be more revealing if the questionnaire is comprised of open-ended 
questions (and/or complemented by interviews). Secondly, it would be interesting to 
evaluate how well the VWADM (or an implementation that is based on its ideas) works in 
VWs other than those that were used in the context of the research that this thesis is based 
on. Finally, although a likely weaker form of evaluation, the features and capabilities of 
existing methods in SE could be used as a benchmark for a comparative evaluation of the 
VWADM with existing methods in SE to determine its suitability to enter the design space 
for VW applications. 
9.4. Benefits of the VWADM for Developers 
The major benefit of the VWADM for developers is that it will enable them to automate the 
process of designing VW applications. Based on the results of the evaluation, this will: 
 enable developers to create place models of VW applications more quickly 
 improve the performance of developers in creating place models of VW applications 
 increase the productivity of developers when creating place models of VW applications 
 enhance the effectiveness of developers in creating place models of VW applications 
 make it easier for developers to create place models of VW applications 
 provide a useful framework (that includes methods and tools) to developers to enable 
them to create place models of VW applications 
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9.5. Future Work 
One of the potential future directions of the research is to work with developers to 
incorporate the features of the VWADM into their workflow. Examples of VW applications in 
which the VWADM could be used include learning environments that can dynamically adapt 
to learners and the activities they perform in such environments (Ewais & Troyer, 2014; 
Scott, et al., 2017) or a type of virtual prototyping in which agents are responsible for 
brainstorming about the various potential designs (Fougeresa & Ostrosi, 2018) and 
developers decide on the final choice of the design. 
 
Current research shows that VR is a promising technology that can be used by clinicians to 
assess, understand and treat mental disorders such as anxiety, obsessive-compulsive 
disorder (OCD) and schizophrenia (Freeman, et al., 2017). It is also possible for VR to be 
used by therapists to provide next-generation therapy for people suffering from such mental 
disorders (Rus-Calafell, et al., 2015; Craig, et al., 2017). Therefore, another potential future 
direction of the research is to work with clinicians, therapists and other mental health 
practitioners to develop scenarios based on treatment (or therapy) regimes. Such scenarios 
would then become the basis for rules that can be used for generating VW applications for 
treating people with mental disorders. An example of a VW application in which the VWADM 
could be used for treating people with mental disorders is one that uses GDAs to monitor 
anxiety (via sensors), regulates exposure to a scenario (via a hypothesising mechanism) 
and (re)generates the appropriate VW application (via effectors) based on techniques used 
in cognitive behavioural therapy. 
 
A third potential future direction of the research is to incorporate features of the VWADM 
into a bespoke VW and to conduct evaluations on the implication. This approach would 
serve as the basis for intelligent desktop VR systems. An example VW application that could 
be explored in this context is intelligent scalable land (Hendrikx, et al., 2013; Steinberger, 
et al., 2014; Diaconu & Keller, 2016) that can accommodate real-time changes in the user 
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population in VWs and uses generative design techniques for managing (i.e., allocating and 
reclaiming) its limited resources. 
9.6. Outlook 
The development of intelligent desktop VR systems is an idea that has the potential to 
contribute immensely to the democratisation of the design process in VWs. That said, a 
future is envisioned in which the design of content in VWs involves many different groups 
of users with varying technical abilities, especially those who belong to limited access 
groups. At such a time, users will only be concerned with passing on their design 
requirements to agents who will be tasked with generating content based on those 
requirements. 
9.7. Final Remarks 
The AW agent package is being released on Anglia Ruskin’s research repository, Anglia 
Ruskin Research Online (ARRO), under the MIT licencing terms. Use of the files that 
comprise it is only possible in AW in conjunction with the Jess rule engine and the Java 
programming language. Nevertheless, it is also possible to use the source code and guides 
to implement similar mechanisms in other desktop VR systems. For example, LSL has built-
in functions and events that support the implementation of sensors (e.g., llSensor(), 
llSensorRepeat() and sensor()), which can be used in conjunction with state-based rules 
and functions to programmatically spawn objects (e.g., llRezObject()) in Second Life. 
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